Introduction {#s1}
============

Viral icosahedral capsids are formed from multiple copies of a single or a few types of highly structurally-conserved coat proteins that encapsidate the genome ([@bib7]). The minimum number of subunits needed to build an icosahedral capsid is 60 coat proteins, and the result is a T = 1 icosahedral geometry. There is a direct correlation between genome size and T-number for dsDNA containing phages. Building a bigger capsid necessitates the use of more coat protein subunits, and requires that chemically identical proteins assemble into capsid sites with different 'quasi-equivalent' conformations ([@bib16]). For example, in many of the well-studied double stranded DNA (dsDNA) containing phages of the order *Caudovirales*, the capsids use a T = 7 geometry (see [Figure 1A](#fig1){ref-type="fig"}). These use 11 vertices formed by coat protein pentons and an additional 60 hexons to create the capsid. The 12^th^ vertex breaks the icosahedral symmetry and is occupied by a portal complex to which a tail that specifies host binding is attached. Estimates predict that 10^31^ viruses are in Earth's biosphere ([@bib12]; [@bib92]), with dsDNA containing bacteriophages being the most abundant. These phages have an immense diversity in terms of size and complexity. The ubiquitous HK97-like fold is the building block for virtually all dsDNA containing phages and allows for enormous versatility in icosahedral geometry, that can lead to differences in biophysical properties ([@bib43]). To withstand environmental stresses and the internal pressure that amasses as a result of dsDNA genome packaging, some dsDNA phages encode additional 'decoration' proteins that bind to the exterior of their capsids and stabilize the virions. How various decoration proteins recognize and bind to specific sites on capsids with different icosahedral geometries is, however, still poorly understood.

![Cryo-EM imaging and icosahedral image reconstruction of the mature phage L capsid.\
(**A**) Schematic of a T = 7 icosahedral capsid overlaid with a black icosahedral cage. The different symmetry axes are marked; two-fold by a black oval, five-fold by a black pentagon, and icosahedral three-fold by a black triangle. Magenta circles highlight quasi three-fold binding sites between hexamers on one icosahedral facet. The magenta quasi three-folds are the preferred binding sites for Dec. Green circles highlight additional quasi three-fold sites between hexons and pentons surrounding one vertex, to which Dec has never been observed to bind. (**B**) Segmented electron density for a capsid-bound Dec trimer shown in a top-down view. (**C**) Enlarged view of an asymmetric unit showing coat subunits color coded according to chains A-G, where the coat density is segmented away from the Dec trimer. Additionally, an enlarged area is shown highlighting a region of the spine helix to show the goodness of fit of the coat protein homology model.](elife-45345-fig1){#fig1}

The tight packing of the dsDNA genomes into the virions of many phages and herpesviruses creates enormous internal pressure (10--60 atm) within the capsids, resulting in high-energy states that prime the particles for infection, and facilitate delivery of the majority of the viral genomes into the hosts ([@bib28]; [@bib46]; [@bib10]; [@bib11]; [@bib72]; [@bib32]; [@bib36]; [@bib47]). Phages have evolved diverse strategies to strengthen their capsids against the internal pressures resulting from genome packaging. In the well-studied phage HK97, the coat proteins form covalent crosslinks ([@bib66]) with neighboring subunits, thereby creating a unique 'chain mail' lattice ([@bib91]; [@bib27]). By contrast in some other phages, a separately expressed auxilliary 'decoration' protein (sometimes called 'cementing' protein) functions as a molecular staple to stabilize the mature capsids. The essential phage λ decoration protein gpD stabilizes its capsid ([@bib76]; [@bib44]) and binds at all possible binding sites between capsomers, including positions at both icosahedral and local three-fold symmetry axes ([@bib23]; [@bib50]; [@bib96]). Other related phages do not utilize covalent crosslinks for stability, or auxillary decoration proteins. Instead, these capsids rely entirely on stabilizing interactions between protein subunits. For example, a portion of the coat protein called the 'P-loop' can create stabilizing interactions with neighboring capsid subunits around three-fold symmetry axes in the absense of auxiliary decoration proteins for many diverse phages ([@bib59]; [@bib18]; [@bib75]; [@bib60]; [@bib62]).

Bacteriophages P22 and L are members of the short-tailed phages (family *Podoviridae),* in the sub-group of P22-like phages ([@bib15]). Phage P22 is a particularly well-studied model for understanding the biophysical mechanisms of capsid assembly ([@bib57]) and capsid protein structures at near-atomic level detail ([@bib85]; [@bib63]). The coat proteins of the P22-like phages, like all known tailed phages and herpesviruses, share a canonical HK97-like coat protein fold, one of the most ubiquitous protein folds in nature ([@bib40]; [@bib6]). The coat proteins of phage L and phage P22 share 99.6% identity with only four amino acids differing out of 430, but only phage L encodes the small auxillary decoration protein, Dec ([@bib33]). Phage L and P22 encapsidate similar length genomes and have similar capsid diameters. Therefore, the internal pressures within both capsids are likely to be similar. Dec binds to P22 capsids in vitro with nanomolar affinity at the same sites as on phage L virions, and increases the stability of P22 capsids at elevated temperatures when treated with a Mg^++^ chelator in vitro ([@bib33]; [@bib81]). Thus, the role(s) of Dec in the life cycle of phage L compared to P22 is not immediately obvious, and, unlike gpD in phage λ, Dec is not essential to withstand genomic packaging forces in phage L virions (E. Gilcrease and S. Casjens, unpublished). The reasons why some phages require stabilization mechanisms such as decoration proteins, and others do not, despite using highly similar functional capsid building blocks remain poorly understood.

Like phage λ's cementing protein gpD, phage L's Dec binds as a homotrimer only to mature particles, and not precursor procapsids ([@bib33]). This indicates that the proteins are not involved in capsid assembly but recognize specific surface topology features of mature capsids. During maturation, dsDNA-containing phage and herpesvirus capsids undergo expansion and massive conformational changes, stabilizing the particles and exposing new residues to the surface ([@bib18]; [@bib85]; [@bib87]). The T = 7 organization of P22 and phage L capsids results in different protein environments between neighboring capsomers due to the previously described 'quasi-equivalence' constraints ([Figure 1A](#fig1){ref-type="fig"}). At the center of each of the capsid's 20 icosahedral facets, there is a symmetric trimeric interaction formed by the three surrounding hexons (called the 'icosahedral three-fold' axis; black triangle in [Figure 1A](#fig1){ref-type="fig"}). Between other hexons there are 'quasi-three-fold' symmetry axes (magenta circles in [Figure 1A](#fig1){ref-type="fig"}), which have a sublty different arrangement than the icosahedral three-fold symmetry axes. These quasi-three-fold sites are less symmetric and have bent contacts between capsomers when compared with an icosahedral-three-fold symmetry site. Lastly, there is a second type of quasi-three-fold symmetry site that occurs between hexons and the pentons (green circles in [Figure 1A](#fig1){ref-type="fig"}). Tight binding (\~nM affinity) of Dec occurs at only quasi-three-fold axes between hexons (magenta circles). In contrast to other types of cementing proteins, binding of Dec to the 20 'true' icosahedral three-fold symmetry axes (black triangles in [Figure 1A](#fig1){ref-type="fig"}) occurs only weakly. The binding affinity for the true three-folds is at least an order of magnitude lower than for the quasi-three-folds ([@bib61]), so that the former sites are very sparsely occupied by Dec on the native phage L particles. No binding has been detected at the quasi-three-fold sites surrounding the pentons (green circles) ([@bib81]; [@bib61]). Dec's ability to bind discriminately is in sharp contrast with the decoration proteins of other phages that fully saturate all symmetry-related sites in mature virions.

Defining the mechanisms by which different decoration proteins, such as gpD and Dec, bind viral particle surfaces is not only important for understanding the underlying biology, but is also critical for (1) the potential exploitation of phages in nanomedicine ([@bib83]; [@bib82]; [@bib88]; [@bib4]; [@bib71]), (2) structure-guided design of virus-inspired nanomaterials ([@bib72]; [@bib61]; [@bib26]; [@bib70]; [@bib54]; [@bib17]), and (3) shedding light on capsid assembly and stabilization processes ([@bib85]; [@bib80]). We report the structure of phage L Dec protein, which has a novel fold for a decoration protein and propose an explanation for how Dec may be able to bind to subtly different capsid binding sites. We used a combination of structural approaches to understand how Dec interacts with phage capsids including (1) cryo-electron microscopy (cryo-EM) and three-dimensional image reconstructions (3DR) of native phage L particles, (2) Nuclear Magnetic Resonance (NMR) structure and dynamics of Dec in solution, and (3) computational modeling of the Dec trimer. Dec displays significant asymmetry and flexibility when bound to capsids. The N-terminal globular domain of the protein that contacts the capsid has an [O]{.ul}ligonucleotide/oligosaccharide-[B]{.ul}inding structure (OB-fold; [@bib55]), and the C-terminal portion of Dec is comprised of a putative three-stranded β-helix domain. Several key residues within both the phage L coat protein lattice and the Dec trimer are predicted from our structural model to modulate the affinity of Dec binding. The contributions of these residues toward Dec binding were probed by site-directed mutagenesis. Our findings reveal that Dec uses a binding mechanism that is not shared by other known phages and viruses, uncovering new insights into phage biology and stabilization mechanisms. The combination of these results provides a highly tunable and novel platform for future uses in virus-inspired nanodesign.

Results {#s2}
=======

Cryo-EM structure of phage L at near-atomic resolution {#s2-1}
------------------------------------------------------

As a first step toward understanding the mechanism by which Dec binds to phage L, we determined the structure of native phage L capsids using cryo-EM ([Figure 1](#fig1){ref-type="fig"} and [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}). Local resolution analysis ([@bib14]) shows that some areas of the map are better resolved than others, including the capsid proteins and the base of the Dec trimer, whereas the distal end of Dec is at much lower resolution ([Figure 1---figure supplement 1C](#fig1s1){ref-type="fig"}). Both the overall protein structure, as well as the specific contact points for attachment of Dec trimers to the coat protein subunits are clearly discernable near quasi-three-fold symmetry axes between hexons. As anticipated from previous studies ([@bib81]; [@bib61]), Dec very sparsely occupied icosahedral three-fold symmetry sites in phage L virions (data not shown), with only a hint of very weak density observed at these positions and no Dec occupancy at the alternative quasi-three-fold sites between hexons and pentons ([Figure 1A](#fig1){ref-type="fig"}). Segmentation of the Dec density from the virion density map for subsequent analysis was performed using UCSF Chimera's Segger ([@bib64]) ([Figure 1B,C](#fig1){ref-type="fig"}).

Structures of the phage L coat lattice and capsid-bound Dec trimer {#s2-2}
------------------------------------------------------------------

As an initial guide for accurately fitting the phage L coat protein into the cryo-EM density, we used the most recent 3.3 Å-resolution structure of phage P22 coat protein (PDB ID: 5UU5; [@bib42]), since phage L and phage P22 are highly homologous, differing at only four positions of their 430 amino acid coat proteins ([@bib81]). Upon initial docking, we found small discrepancies between the phage L capsid cryo-EM density and the P22 coat protein asymmetric unit structure. Therefore, to optimally fit the cryo-EM density we refined the phage L asymmetric unit where each capsid protein was allowed to move independently in the cryo-EM density envelope using the program Phenix ([Table 1](#table1){ref-type="table"}). The phage L capsid protein subunit domains ([Figure 1---figure supplement 2](#fig1s2){ref-type="fig"}) are named as defined for P22 coat protein ([@bib42]; [@bib68]). The four amino acid sequence differences between phage L and P22 coat proteins were accounted for during modeling and are not near the Dec binding interface (see [Video 1](#video1){ref-type="video"}). The R101H difference is within the spine helix pointing towards the capsid interior, I154L is located in the A-domain toward the hexamer center, M267L is in the I-domain, adjacent to but not interacting with Dec, and A276T in also located in the I-domain but on the distal end pointing toward the center of the hexamer ([Figure 1---figure supplement 2](#fig1s2){ref-type="fig"}). Overall, there were only very minor differences between the optimally fit P22 and phage L capsid lattices. The phage L coat protein (Cα backbone) deviated from those in the P22 structure (PDB 5UU5) by about 1 Å for the hexamer and 1.5 Å for the penton unit, which is in the range of what may be expected for structures of homologous proteins ([@bib29]).
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###### Cryo-EM data collection and model refinement statistics.

  ------------------------------------- ----------------- ---------
  **Data collection**                                     
  EM equipment                          FEI Titan Krios   
  Voltage (kV)                          300               
  Detector                              DE-20             
  Pixel size (Å)                        1.26              
  Electron Dose (e^-^/Å^2^)             27                
  Defocus range (μm)                    0.35--2.49        
  **Reconstruction**                                      
  Software                              AUTO3DEM          
  Number of particles                   7879              
  Symmetry                              532               
  Map resolution (Å) at FSC = 0.143     4.2               
  **Model building and Refinement**                       
  Software                              COOT, Phenix      
  **Model Statistics and Validation**   **Coat**          **Dec**
  No. protein chains in ASU             7                 3
  No. residues per protein              430               134
  Model resolution (Å) at FSC = 0.5     4.30              5.80
  Cross-correlation coefficient (CC)    0.61              0.40
  MolProbity Score                      2.21              1.93
  Clashscore                            2.20              0.87
  **R.m.s. deviations**                                   
  Bond length (Å)                       0.021             0.018
  Bond angle (˚)                        2.62              2.21
  Preferred                             92.42             77.53
  Allowed                               5.41              13.69
  Outlier                               2.17              8.59
  ------------------------------------- ----------------- ---------

###### Location of the amino acid differences between phage L and P22, relative to the Dec binding interface.

A single segmented Dec density is shown in lavender, and coat protein subunits that comprise the binding interface are shown as grey ribbons. The amino acid substitutions between phage L and P22 are shown as spheres color-coded to match the protein domains as shown in [Figure 1---figure supplement 2](#fig1s2){ref-type="fig"}: R101H (green), I154L (cyan), A276 and M267 (magenta).
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The capsid-bound Dec trimer was previously reported to have a tripod shape with three N-terminal legs interacting with the capsid surface, and a protruding central C-terminal head or stalk based on low-resolution data ([@bib81]; [@bib61]). Our results agree with the previously published lower resolution structure; however, the higher resolution data for Dec, particularly in the N-terminal region, now allows a detailed analysis of the fold of the protein and interpretation of the binding interface. The trimeric Dec density (one segmented trimer is shown in [Figure 1B](#fig1){ref-type="fig"}) is asymmetric and well defined at the quasi-three-fold symmetry axes between hexons ([@bib61]; [@bib70]). The resolution within the Dec density is on average lower than the capsid, likely due to protein flexibility, especially in the C-terminal stalk region ([Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}).

The NMR structure of the Dec monomer consists of an OB-fold domain and an unfolded C-terminus {#s2-3}
---------------------------------------------------------------------------------------------

To investigate the properties of free Dec in solution, we used NMR to characterize the unassembled protein in the absence of capsids using an acid unfolding protocol of lowering the pH to 2, followed by a refolding step induced by adjusting the pH to four as defined in [@bib56]. Subsequent characterization of the protein using size exclusion chromatography, native-gel electrophoresis, and ^15^N NMR relaxation measurements ([Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}) showed that the unfolding/refolding protocol converts purified Dec from a trimer to partially folded monomers ([@bib56]). The high quality of the NMR data enabled us to obtain nearly complete (98%) NMR assignments for the monomeric Dec protein ([@bib56]). The NMR structure was determined using the program ARIA 2.3 ([@bib9]), based on the experimental NMR constraints summarized in [Table 2](#table2){ref-type="table"}. The coordinates of the Dec monomer NMR structure ensemble have been deposited to the PDB under accession number 6E3C.
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###### Statistics for the top 20 NMR structures of Dec.

  Experimental restraints                                        
  -------------------------------------------- ----------------- -------------------
  Total number of NMR restraints               1009              
  Total number of NOE distance restraints      767               
  Ambiguous                                    73                
  Unambiguous                                  694               
  Long range (\|i-j\| \> 4)                    124               
  Medium range (\|i-j\|)≤4)                    93                
  Sequential (\|i-j\|)=1)                      281               
  Intra-residue NOEs                           269               
  Total number of dihedral restraints          174               
  φ/ ψ                                         127               
  χ~1~                                         47                
  Hydrogen bond restraints (34\*2)             68                
  *RMSD from experimental restraints*^\*^                        
  NOE distance (Å)                             0.054 ± 0.003     
  Dihedral (°)                                 0.42 ± 0.14       
  *RMSD from ideal geometry*                                     
  Bonds (Å)                                    0.0042 ± 0.0001   
  Angles (°)                                   0.55 ± 0.02       
  Improper angles (°)                          1.68 ± 0.12       
  E~L-J~ (kcal/mol)                            \- 316 ± 44       
  *RMSD from mean NMR structure*               *Backbone^†^*     *All Heavy Atoms*
  Entire protein 1--134 (Å)                    \>9.5             \>9.5
  Folded regions 12--86 (Å)                    1.33 ± 0.21       1.95 ± 0.32
  OB-fold 18--77 (Å)                           1.08 ± 0.18       1.66 ± 0.25
  OB-fold 2^o^ structure^‡^ (Å)                0.84 ± 0.15       1.57 ± 0.31
  *Procheck Ramachandran Plot Statistics*^§^                     
  Most favored (%)                             89.1              
  Additionally allowed (%)                     10.9              
  Generously allowed (%)                       0.0               
  Disallowed (%)                               0.0               
  *Quality Z Scores from PSVS^e^*                                
  Procheck (ϕ,ψ)                               −2.64             
  Molprobity Clash                             −1.19             

^\*^ Structures had no NOE violations \> 0.5 Å nor dihedral violations \> 5 degrees.

^†^ Atoms: Cα, N, C, O.

^‡^ Calculated over residues in the OB-fold portion: 21--32 (β1), 35--40 (β2), 47--50 (β3), 52--59 (α~OB~), 63--68 (β4), 73--77 (β5), a total of 41 amino acids.

^§^ Calculated with the PSVS server (<http://psvs-1_5-dev.nesg.org>) using only the folded parts of Dec (residues 12--89).

The N-terminal domain of the Dec monomer has an OB-fold motif ([Figure 2](#fig2){ref-type="fig"}). The final NMR structure ([Figure 2A](#fig2){ref-type="fig"}) is close to an initial NMR model calculated with the program CS-ROSETTA ([@bib73]), based on the assigned NMR chemical shifts in combination with template-based modeling ([Figure 3---figure supplement 2](#fig3s2){ref-type="fig"}). The backbone (Cα, C', N, O) RMSD is 2.3 Å over the folded parts of the structure (residues 12--89) between the NMR structure and the CS-Rosetta model. Submission of the NMR Dec monomer structure to the DALI server ([@bib41]) identified about 80 matches to proteins that contain similar OB-fold domain structures. The strongest of these is a portion (residues 117--174) of chain E of the 40S ribosomal protein SA (PDB code 4KZX-E). This superposed on the Dec NMR structure with a Cα RMSD of 3.5 Å over 61 residues, supporting our interpretation that the structure of the Dec N-terminus is in the family of OB-fold motifs.

![NMR structure of the Dec monomer.\
(**A**) Ensemble of the 20 lowest-energy NMR structures. For clarity, the disordered N- and C-termini are not shown. The folded globular part of Dec has an OB-fold consisting of a β1-β3 meander (sky blue) and a β4-β5 hairpin (yellow), with an α-helix (green) intervening between strands β3 and β4. Additional secondary structure outside of the OB-fold incudes the short N-terminal strand β0 (dark blue), and a C-terminal α-helix (pink). (**B**) Ribbon diagram showing the structure closest to the NMR average. The first 10 N-terminal residues and the last \~45 C-terminal residues, which are unstructured in the Dec monomers are colored red and orange, respectively. The coloring scheme for the protein in this and subsequent panels is the same as in A. (**C**) Diagram summarizing the topology and secondary structure limits of the Dec monomers.](elife-45345-fig2){#fig2}

The canonical OB-fold motif ([@bib55]) is a five-stranded Greek key β-barrel, comprised of a β1-β3 meander and a β4-β5 hairpin, with an α-helix 'αOB' intervening between strands β3 and β4. The five-stranded OB-fold β-barrel is closed by an antiparallel pairing between strand β1 and β4, and a short parallel pairing between stands β3 and β5 ([@bib55]). In the Dec structure the anti-parallel pairing of stands β1 and β4 is conserved, but strands β3 and β5 are too distant (\~13 Å) for any H-bond contacts. Thus, the Dec β-sheet is distorted to a more open structure compared with the classical five-stranded OB-fold β-barrel ([Figure 2B](#fig2){ref-type="fig"}). In general, the cores of OB-fold β-barrels are consolidated by three layers of hydrophobic residues ([@bib55]; [@bib2]). This arrangement is also present in the Dec structure (not shown). The canonical role of the helix αOB is to provide a 'hydrophobic plug' for the bottom hydrophobic layer of the β-barrel ([@bib55]; [@bib2]). Residue V55 appears to serve this role in Dec. In OB-fold proteins the orientation of the helix αOB is more variable than that of the β-barrel ([@bib3]; [@bib37]), and in Dec, the αOB helix extends almost directly between strand β3 and β5, with the helix axis in the plane of the β1-β3 meander, rather than below this structure ([Figure 2B](#fig2){ref-type="fig"}).

As with many OB-fold proteins ([@bib37]), Dec has additional non-conserved elements of secondary structure at the periphery of the conserved motif. The short strand β0 forms an anti-parallel pair with the N-terminus of the OB-fold strand β1, and the helix α2 extends away from the last OB-fold strand β5 ([Figure 2C](#fig2){ref-type="fig"}). Outside of the folded globular part of the Dec monomer structure, residues 1--11 and 90--134 are disordered ([Figure 2B](#fig2){ref-type="fig"}). Although these segments were included in the NMR structure calculations, they have no defined structure in the Dec monomers ([Figure 2B](#fig2){ref-type="fig"}).

To further characterize Dec, we analyzed the dynamics of the monomeric protein using NMR ^15^N-relaxation data in terms of the 'Model-Free' formalism ([Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}). The local backbone mobility of the Dec monomers is summarized in [Figure 3](#fig3){ref-type="fig"}. The N-terminus from residues 1--11 and the C-terminus from residues 90--134 have small *S*^2^ order parameters characteristic of unfolded protein segments ([Figure 3A](#fig3){ref-type="fig"}, [Video 2](#video2){ref-type="video"}). The random coil chemical shifts of these regions ([@bib56]) and the lack of long-range NOEs, are also consistent with these segments being unstructured in the Dec monomers. Small and intermediate *S*^2^ values indicative of increased flexibility on the ps-ns timescales are also seen at sites within the folded globular portion of Dec ([Figure 3A](#fig3){ref-type="fig"}). Information on motions within slower µs-ms timescales can be garnered from exchange contributions to R2 transverse relaxation (R2~EX~ parameters). The sites with the largest R2~EX~ contributions are similar to those with low S2 order parameters, in particular loops L23, L45 and the region surrounding the loop L3α (purple and red in [Figure 3B](#fig3){ref-type="fig"}). The sites within the folded portion of the Dec monomers with the largest flexibility based on *S*^2^ and R2~EX~ values are shown in [Figure 3C and D](#fig3){ref-type="fig"}, respectively.

![Dynamics of the Dec monomer.\
(**A**) *S*^2^ order parameters describing the amplitude of fast motions on the ps-ns timescale. Rigid (*S*^2^ \>0.65), moderately flexible (0.65 ≥ *S*^2^\>0.55), and highly flexible (0.55 ≥ *S*^2^) sites are indicated by black, purple, and red symbols respectively. The secondary structure of Dec is given at the top of panel A. (**B**) Contributions to R2 relaxation from slow conformational exchange on the µs-ms timescale. Amide protons with moderate R2~ex~ values smaller than 3 Hz are shown in purple, those with large contributions above 3 Hz in red. The *S*^2^ and R2~ex~ parameters were obtained from a Model-Free analysis ([@bib51]) of ^15^N R1, R2, and ^1^H-^15^N NOE relaxation data for Dec ([Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}) using the program TENSOR 2.0 ([@bib25]). In (**C**) and (**D**) the *S*^2^ and R2~ex~ values are mapped onto the NMR structure ensembles for Dec. Residues 1--10 and 90--134 which are unfolded and thus have the lowest *S*^2^ values, are not shown in the structures.](elife-45345-fig3){#fig3}

###### Definition of different regions of the Dec monomer NMR structure.

To illustrate the precision of the structure all 20 members of the NMR ensemble are shown. The movie then flips through the 20 individual NMR structures to show the differences in precision between the structured OB-fold component, and the unstructured N- (yellow) and C-termini (orange). In the second half of the movie, the N- and C-termini are not shown to better illustrate differences in structural definition of the OB-fold component.
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Homology modeling of phage-bound Dec suggests a trimeric β-helix motif forms the C-terminal spike {#s2-4}
-------------------------------------------------------------------------------------------------

The NMR structure of Dec revealed an OB-fold for the N-terminal portion of the protein; however, the C-terminal portion was unstructured for the monomer in solution. As we previously observed ([@bib61]), the N-terminal domain forms the legs of the Dec 'tripod' that are bound to the capsid, and the C-terminal region forms its protruding central stalk. The ordered N-terminal domain was not sufficient to fill the entire density within the cryo-EM map. Moreover, fitting the structured N-terminal OB-fold region of the protein into the density showed little or no inter-subunit trimer contacts from the first 77 residues of Dec. Thus, the C-terminus of Dec, evident as a spike in cryo-EM maps of capsid-bound Dec ([@bib61]), becomes ordered either upon Dec trimerization or capsid binding.

We used a combination of the NMR structure and homology modeling to build a model of the capsid-bound Dec trimer using the cryo-EM density map as a guide. We initially docked the NMR-derived OB-fold portion of the Dec structure (residues 10--77) into the segmented cryo-EM density, independently fitting three copies of the OB-fold. Using Phenix, each copy was refined by flexible fitting to accommodate the slight differences in the asymmetric trimer density. We then built a complete trimer by using a combination of homology modeling and flexible fitting to refine the C-terminal portion of Dec separately from that of the OB-fold. Sequence homology of the C-terminus most closely matched a fragment from the bacteriophage T4 trimeric proximal long tail fiber protein gp34 (PDB ID: 4UXE; [@bib35]) (see Materials and methods for details), and was fit to the segmented cryo-EM density. In brief, the C-terminal domain (residues 78--134) was modeled as a three-stranded β-helix domain based on the remote homology model, consistent with predicted secondary structures of the tail fiber protein gp34, and to fit the cylindrical shape of the cryo-EM density for the C-terminal domain. The C-terminus of the final trimeric Dec structure was then further refined using partially flexible fitting preserving the β-helix domain as a rigid unit within the cryo-EM density envelope ([Figure 4](#fig4){ref-type="fig"}). These residues are predicted with a lower confidence owing to the flexibility and lower resolution within that portion of the structure and were refined using the Cα backbone only in this region.

![Fitting the NMR OB-fold into the cryo-EM map and model of the trimer.\
(**A**) Side B) top-down, and C) bottom-up views of the Dec trimer model fit into the cryo-EM density map with individual chains colored magenta, cyan, and green.](elife-45345-fig4){#fig4}

Mutagenesis of P22 coat protein and Dec reveals key residues that modulate binding {#s2-5}
----------------------------------------------------------------------------------

The OB-fold of Dec, as determined by NMR, fits the cryo-EM map of the 'tripod' legs in the native phage L virion very well ([Figure 4](#fig4){ref-type="fig"}). This allowed us to fit models of several coat protein subunits and Dec to analyze the Dec-coat protein binding interface. The resolution of the coat protein in the cryo-EM map in this region was sufficient to fit some bulky side chains. Furthermore, the NMR structure allowed us to make predictions regarding the side chain orientation of Dec residues that potentially bind to coat protein. Analysis of the binding interface revealed several residues in close contact between the phage L coat protein and Dec that appear to be important for binding. Therefore, we tested our models using site-directed mutagenesis of phage P22 coat protein. P22 is a very well-established model system with a variety of molecular tools readily available ([@bib85]). Previous work has shown that P22 and phage L behave similarly ([@bib33]; [@bib81]; [@bib61]) and all the amino acid substitutions found in phage L have even been identified occasionally in P22 stocks as phenotypically silent mutations (Teschke lab, unpublished data). Lastly, as Dec bound to P22 is a widely used system for a variety of nanomaterials applications ([@bib72]; [@bib70]; [@bib54]), identifying key residues that contribute to Dec interactions with P22 is highly useful for practical applications. Therefore, we felt it reasonable to use the established genetics of P22 as a model for the native phage L for our mutagenesis studies.

Previous work suggested that Dec binding to P22 capsids is driven primarily through electrostatic interactions ([@bib70]), and our data also suggest a charged binding interface. To assess the role of specific coat protein surface residues in modulating Dec binding, the following five coat protein residues in potential close contact with Dec were chosen for single amino acid substitution by site-directed mutagenesis: E81R, P82S, R299E, P322S, and E323R ([Figure 5](#fig5){ref-type="fig"}; [Video 3](#video3){ref-type="video"}). Site-directed mutagenesis was performed on a plasmid that expresses coat protein (see Materials and methods) as described previously ([@bib58]; [@bib78]; [@bib79]). Cells carrying the plasmid were infected with phages having a nonsense mutation in gene *5* (encodes coat protein), so that any phages produced are the result of complementation by the coat gene expressed from the plasmid. None of the amino acid substitutions affected virion production or infectivity; phages assembled with each coat protein variant were grown to high titer and were phenotypically indistinguishable from the parental phage.

![Binding assays of variant coat proteins and Dec to probe the interaction interface.\
(**A**) Coat protein subunits depicted as ribbon diagrams around a quasi three-fold axis Dec-binding site. Three coat subunits directly surrounding a quasi three-fold axis are shown in light grey, and three neighboring coat proteins are shown in black. Residues selected for mutagenesis are shown as spheres. (**B**) Normalized binding data of the ratio of variant coat protein bound to WT Dec, color-coded to match the corresponding residues in panel A. (**C**) Portions of Dec highlighting the OB-fold (residues 10--77) shown as ribbons, with each monomer a different shade of blue. Residues selected for mutagenesis are shown as spheres. (**D**) Enlarged side view of the Dec cryo-EM density with the OB-fold (residues 10--77) from one monomer shown as a ribbon, with the two different capsid-binding sites indicated. (**E**) Normalized binding data of the ratio of WT coat protein bound to variant Dec, and color-coded to match the corresponding residues in panels C and D.](elife-45345-fig5){#fig5}

###### Key residues that modulate Dec-binding affinity.

View of the binding interactions between Dec and coat protein at a quasi-three-fold symmetry axis. Coat protein is shown in grey density and Dec is shown in lavender. Six coat subunits are fit within this density and three Dec OB-fold domains from the NMR structure were fit to the Dec density. Individual protein chains are shown are ribbons; amino acid sites that were chosen for mutagenesis are shown as spheres, and color coded to match the data in [Figure 5](#fig5){ref-type="fig"} of the main text.

10.7554/eLife.45345.015

Coat proteins occupying different local conformations (as a result of the quasi-equivalent capsid lattice) contribute different residues to the binding interface ([Figure 5A](#fig5){ref-type="fig"}, [Video 3](#video3){ref-type="video"}). For example, residues E81, P82, and R299 from the coat protein subunits that form the quasi-three-fold symmetry axes (grey subunits in [Figure 5](#fig5){ref-type="fig"}) contact Dec from one subunit, whereas residues P322 and E323 contact Dec from adjacent and overlapping coat protein subunits (black subunits in [Figure 5](#fig5){ref-type="fig"}). To assess the role that specific Dec residues play in capsid binding, we also made five single amino acid substitutions in recombinant Dec protein: K30D, Y31A, Y49E, Y71A, and E73R (see Materials and methods). Modified Dec proteins were added to mature WT phage particles, complexes were purified using CsCl gradients, and relative amount of each Dec protein bound to virions was quantitated. The global secondary structure of all Dec variants was indistinguishable from the WT protein by circular dichroism. Furthermore, native gel experiments performed as described previously ([@bib56]) showed that all Dec variants assemble as trimers in solution. Therefore, any changes in Dec occupancy in the variants are likely due to a disruption of the binding interface, rather than protein folding defects.

Among the five coat protein changes, coat amino acid substitutions E81R and E323R attenuated but did not completely abolish Dec-binding ability ([Figure 5B,C](#fig5){ref-type="fig"}). We created a variant containing both amino acid substitutions, E81R:E323R, which displayed less Dec binding (\<20%) than each of the individual substitutions. Since the E81R:E323 double mutant affects both Dec-binding sites, our data indicate that the binding interface involves more than these two residues. It is also possible that given the inherent asymmetry in the capsid quasi three-fold binding sites for Dec because they are formed by coat proteins in two distinct quasi-equivalent conformations, not all chains of the Dec trimer have equal effects form the amino acid substitutions. Dec with amino acid substitutions K30D and Y49E displayed lower binding than the WT protein, consistent with the prediction of an electrostatic binding interface ([Figure 5D](#fig5){ref-type="fig"}, [Video 3](#video3){ref-type="video"}).

The close contact region between Dec and coat protein can be thought of as including two binding sites. One site includes coat residues E81 and P82 that interact with Dec residues K30, Y31 and Y49 ([Figure 5D](#fig5){ref-type="fig"}, 'site 1'). Dec residue Y49 is directed toward the side chain of coat residue E81. The other site includes Dec residues Y71 and E73 and coat residues P322, E323 and R299 ([Figure 5D](#fig5){ref-type="fig"}, 'site 2'). Overall, variations in site 1 had the largest effect on binding. In Dec, site 1 residues K30 and Y49 had the largest effect on binding saturation, and in coat protein site 1 residue E81R had the largest effect relative to the other substitutions. Although site 1 clearly plays a strong role in modulating Dec binding, coat residue E323R that occupies site 2 had a modest but reproducible effect. We conclude that the site 1 plays a larger role in mediating Dec binding to coat protein, and is largely due to electrostatic interactions.

We also tested our hypothesis by making substitutions in coat protein residues that contact Dec near, but not within sites 1 and 2. As expected, these did not reduce binding (namely coat residues P82S, R299E and P322S; we intentionally made conservative substitutions for prolines as coat protein is highly aggregation prone; [@bib85]). Similarly changes in Dec near, but not within sites 1 and 2, also did not reduce binding, including Y31A, Y71A, and E73R. These observations are consistent in light of the 3D capsid structure, and indicates that sites 1 and 2 are the true binding sites.

Discussion {#s3}
==========

Decoration proteins employ a variety of binding schemes to adhere to phage capsids {#s3-1}
----------------------------------------------------------------------------------

For dsDNA tailed phages and related viruses, decoration proteins can occupy the capsid lattice in several different positions. Some decoration proteins bind capsids at the center of hexamers including those of phages T4, T5, RB49, and Sf13 through Sf19, ([@bib88]; [@bib24]; [@bib69]; [@bib30]). Other decoration proteins bind the edges of hexamers as exemplified by gp17 in phage N4 ([@bib19]). Finally, there are decoration proteins that bind the capsid in areas between capsomers such as gpD in λ, gp56 in phage TW1, Soc in phage T4, gp87 in phage P74-26, and Dec in phage L ([@bib50]; [@bib81]; [@bib90]; [@bib67]; [@bib77]). In all the aforementioned cases, the decoration proteins are added after capsid assembly. Conversely, the herpesvirus heterotrimeric triplex protein decorates the outside of the capsid and is also essential during capsid assembly ([@bib97]; [@bib38]). For the majority of these examples, all possible quasi-equivalent binding sites on the lattice are occupied by the decoration proteins. By contrast, in phage L, Dec uniquely binds at one type of symmetry axis with high affinity: the quasi-three-fold sites between hexamers ([Figure 1A](#fig1){ref-type="fig"}).

To function in a stabilizing capacity, decoration proteins must bind capsids with high enough affinity to remain associated even under harsh environmental conditions. As described above, there are many potential binding sites on capsids, so the requirement for Dec binding affinity must be balanced against binding specificity, to allow discrimination between binding sites. Indeed, there is a wide range of reported K~D~s for various decoration proteins. Phage L's Dec and T4's Hoc bind their respective capsids with nM affinity, whereas pb10 binds phage T5 with pM affinity ([@bib61]; [@bib88]; [@bib74]). Taken together, variations in binding affinities and saturating versus discriminating binding behavior suggests that decoration proteins are capable of recognizing subtle differences in capsid lattices. The reason some decoration proteins evolved to discriminate between similar quasi-equivalent sites is unknown, but at some positions on the capsid lattice coat-coat interactions may be stronger than at other quasi-equivalent positions; therefore, some positions may not require stabilization from a decoration protein. Yet, other positions may be more vulnerable to environmental assaults than others, and benefit from additional stabilization.

How might Dec discriminate between the different three-fold sites on phage L? [Figure 6](#fig6){ref-type="fig"} shows a comparison of the coat protein subunits surrounding two types of quasi three-fold axes. Coat residues that interact with Dec, in particular E81 (see above), shows a substantial difference in position at these different capsid locations. At the quasi three-fold site between hexons, coat protein residue E81 clearly interacts with Dec binding site 1 at all three subunits in Dec. However, at the quasi three-fold site between hexons and pentons, the environments surrounding E81 are spread further away from the Dec-binding site: if one coat monomer were aligned to a Dec monomer, E81 would be 7.3 and 10.4 Å away in the other two coat protein chains, respectively, which is too great a distance to allow binding. By contrast, at the icosahedral three-fold binding interface, the E81 residue is within 4 Å of the Dec binding site 1 for two out of three monomers. Only E81 in the third subunit is significantly distant from the Dec binding site 1 (8.8Å away). These coat protein topology differences are likely responsible for the failure of Dec to bind to the type of quasi three-fold site surrounding pentamers and the different Dec-binding affinity from the icosahedral three-fold site as measured in vitro ([@bib61]). The coat protein subunits surrounding the quasi three-fold symmetry axes between pentamers and hexamers (green circles in [Figure 1A](#fig1){ref-type="fig"}) that do not bind Dec have the greatest surface curvature with highly bent contacts between capsomers ([Figure 6](#fig6){ref-type="fig"}). These interfaces are a weak point in many capsids as perturbations such as chemical or thermal treatments can cause entire pentamers to be released from the capsid ([@bib61]; [@bib84]). The quasi three-fold coat protein subunits between hexamers that do bind Dec also have some curvature, but it is less extreme than the quasi three-folds between pentamers and hexamers ([Figure 6](#fig6){ref-type="fig"}), likely why Dec can bind here, albeit at orders of magnitude lower affinity ([@bib61]). By contrast, the icosahedral three-folds sites are the flattest, and although some capsids use decoration proteins to stabilize this interface, Dec is not used this way in native phage L particles, indicating a potential difference in the role of Dec compared to other decoration proteins. Biophysical measurements have shown that Dec plays a much larger role in stabilizing dsDNA-containing heads compared to empty capsids, and atomic force microscopy experiments showed Dec indeed binds capsids at positions most prone to mechanical damage (i.e. quasi three-fold sites between hexons) ([@bib52]). Therefore, Dec binds specifically at the quasi three-fold axes between hexamers via specific residues within the key binding site (Dec site 1), and displacement of the corresponding binding partner residues within the capsid lattice decreases binding affinity at other capsid locations. Although Dec has been shown to stabilize capsids, perhaps this is not its only function (see further discussion below).

![Comparison of Dec-binding residues at various three-fold symmetry sites on the phage L capsid.\
The topology of six coat protein subunits surrounding the different three-fold positions were compared using the Match tool in Chimera. The quasi three-fold site between coat protein hexamers that binds a Dec trimer was chosen as the reference structure and aligned to the three-fold site between a pentamer and neighboring hexamers (dark blue) that does not bind Dec. The cartoon schematic shows the location of residue E81 with a small magenta circle on three coat protein subunits that comprise the Dec binding interface (label 'A' designates the specific coat protein subunit used for anchoring the structures in Chimera). The relative displacement of E81 in subunits labeled '1' or '2' when in an icosahedral three-fold or the quasi three-fold surrounding pentamers was measured and the distances are shown in the table. A side view of the quasi three-fold site between hexamers that binds Dec (light blue) with the quasi three-fold site between a penatmer and neighboring hexamers (dark blue) is shown as a ribbon diagram. The box shows an enlarged and tilted view of the binding interface with residue E81 shown as spheres. Additionally, the Dec density is shown in lavender at the position of the quasi three-fold site between hexamers.](elife-45345-fig6){#fig6}

Dec has a novel architecture {#s3-2}
----------------------------

In dsDNA-containing tailed phages, previously studied decoration proteins for which atomic-resolution structures are known have three basic types of protein folds. Decoration proteins such as phage T5's pb10 and T4's hoc, have an overall Ig domain fold ([@bib88]; [@bib30]). A second, more common type of decoration protein, exemplified by phage lambda's gpD, P74-26's gp87, phage 21's SHP, and TW1 gp56, have similar polypeptide folds and form a symmetric trimer with an N-terminal β-tulip domain and an α/β subdomain that binds and stabilizes capsids through hydrophobic interfaces ([@bib77]; [@bib49]). Additionally, some decoration proteins are known to bind the center of hexamers, as exemplified by protein Psu in phage P4 ([@bib45]; [@bib22]; [@bib8]). Our work shows that Dec represents a fourth type of decoration protein fold ([Figure 7](#fig7){ref-type="fig"}), the OB-fold, as well as a different capsid-binding mechanism that discriminates between quasi three-fold capsid-binding sites between pentamers and hexamers, and the icosahedral three-fold sites. To our knowledge, Dec represents the first occurrence of an OB-fold structure in a virus decoration/cementing protein. Dec may have additional functions besides capsid stabilization. For example, Dec could play a role in cell adhesion. Preliminary evidence suggests that Dec might bind to target cells, presumably through carbohydrate moieties emanating from the target cell surfaces (Teschke lab, unpublished data). From a structural point of view, both the OB-fold part of Dec and the C-terminal beta-helix could be carbohydrate-binding motifs. However, future work will be needed to fully explore and validate this hypothesis. If Dec plays a role in cell surface binding, 60 Dec trimers rather than the saturating 140 must be sufficient for this function.

Dec binds phage L capsids with an unusual strategy {#s3-3}
--------------------------------------------------

Crystal structures for gpD ([@bib95]), gp87 ([@bib77]), and SHP ([@bib31]) lack resolution for several N-terminal residues, indicating that these regions are flexible when these decoration proteins are not associated with capsids. Cryo-EM maps of gpD in native phage λ show that the N-terminus becomes highly ordered when gpD is in a bound conformation, and that the N-terminus is the major part of the capsid-binding mechanism as the N-terminus forms a stabilizing β-sheet with strands supplied from the capsid protein ([@bib50]). Like gpD, the N-terminus of the Dec monomer is disordered in solution as shown here by NMR. However, unlike gpD, our data indicates that the Dec N-terminus remains rather flexible in the capsid-bound form since there is (1) no cryo-EM density that is attributable to the first 10 residues, (2) our previous cryo-EM data show the N-terminus of Dec can be labeled with large cargo such as nanogold beads that are rather flexibly bound to the capsid ([@bib61]), and (3) deletion of the first 11 residues of Dec does not affect capsid binding affinity ([@bib70]). When we compare the phage L Dec binding motif to the capsid stabilization mechanism in HK97, we see that the residues that control Dec binding occupy similar spatial positions as the HK97 crosslinking residues that crosslink to form the lattice 'chainmail', suggesting that stabilization at this type of interface is crucial to capsid stability.

Furthermore, comparison of Dec to the β-tulip family of decoration proteins highlights some interesting implications about binding affinity and selectivity of binding locations in terms of symmetry of the auxiliary proteins involved. Perfect trimeric symmetry in a bound decoration protein may allow a broader binding specificity. For example, gpD and gp87 are highly symmetric trimers and these decoration proteins occupy all quasi-equivalent binding sites including icosahedral three fold symmetry axes and also both types of quasi-three-fold sites. By contrast, the asymmetry in the bound Dec trimer evinced by cryo-EM is an unusual property among decoration proteins and correlates with its binding selectivity to only the quasi three-fold sites between hexamers. Dec appears to represent a separate evolutionary lineage of decoration proteins that is distinctly different than those in the β-tulip family and whose capsid binding is similarly driven mainly by interactions in site 1, with a smaller contribution towards binding in site 2.

Materials and methods {#s4}
=====================

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Reagent type\             Designation                                                   Source or\                                                       Identifiers                                                    Additional\
  (species) or\                                                                           reference                                                                                                                       information
  resource                                                                                                                                                                                                                
  ------------------------- ------------------------------------------------------------- ---------------------------------------------------------------- -------------------------------------------------------------- ---------------------------------
  Strain, strain\           DB7136 (*Salmonella*\                                         PMID: [15743953](https://www.ncbi.nlm.nih.gov/pubmed/15743953)                                                                  Host for phages\
  background\               *enterica* serovar\                                                                                                                                                                           P22 and L
  (*Salmonella enterica*)   Typhimurium; used\                                                                                                                                                                            
                            to purify phages)                                                                                                                                                                             

  Strain, strain\           BL21/DE3/pLysS (*Escherichia*\                                Invitrogen                                                                                                                      Protein expression system
  background\               *coli*; used for protein purification)                                                                                                                                                        
  (*Escherichia coli*)                                                                                                                                                                                                    

  Strain, strain\           Phage P22 (P22 5-am N114)                                     PMID: [4773026](https://www.ncbi.nlm.nih.gov/pubmed/4773026)                                                                    Phage, clear plaque mutant
  background\                                                                                                                                                                                                             
  (Phage P22)                                                                                                                                                                                                             

  Strain, strain\           Phage L                                                       PMID: [15743953](https://www.ncbi.nlm.nih.gov/pubmed/15743953)                                                                  Phage, clear plaque mutant
  background\                                                                                                                                                                                                             
  (Phage L)                                                                                                                                                                                                               

  Recombinant\              pMS11 (plasmid-coat\                                          PMID: [24126914](https://www.ncbi.nlm.nih.gov/pubmed/24126914)                                                                  Plasmid for coat\
  DNA reagent               protein; used in binding\                                                                                                                                                                     protein complementation
                            assays)                                                                                                                                                                                       

  Recombinant\              pDec (plasmid-Dec\                                            PMID: [22575828](https://www.ncbi.nlm.nih.gov/pubmed/22575828)                                                                  Plasmid for Dec protein\
  DNA reagent               protein; used in\                                                                                                                                                                             purification-C-terminal his tag
                            binding assays)                                                                                                                                                                               

  Recombinant\              pDec-NMR (plasmid-\                                           PMID: [30109462](https://www.ncbi.nlm.nih.gov/pubmed/30109462)                                                                  
  DNA reagent               Dec protein; used in\                                                                                                                                                                         
                            NMR experiments)                                                                                                                                                                              

  Sequence-\                Primers-coat protein\                                         IDT                                                                                                                             
  based reagent             mutants: E81R (gtaaacatgggaccgccggataacgacttcttccagttgcg);\                                                                                                                                   
                            P82S (gcggtaaacatgggagagtccgataacgacttcttccagttgcg);\                                                                                                                                         
                            R299E (gcgactttctccgtagtcgaagttgttgacggtactcatgttg);\                                                                                                                                         
                            P322S (gatgtttccctgtcttccgagcagcgtgcctacgccaacgtt);\                                                                                                                                          
                            E323R (gatgtttccctgtctccgcgccagcgtgcctacgccaacgtt)                                                                                                                                            

  Sequence-\                Primers-Dec protein\                                          IDT                                                                                                                             
  based reagent             mutants:\                                                                                                                                                                                     
                            K30D (gtgtctgcgcttccgattaaagctatcgagtacgctaatgacgg);\                                                                                                                                         
                            Y31A (tgtctgcgcttccgattaaagctatcaaagccgctaatgacgga);\                                                                                                                                         
                            Y49E (ggcccgtatgctgaccaggagatgtcagcgcaaacagtagcc);\                                                                                                                                           
                            Y71A (ggatatctgttccggagccaggccggcgagctgctctatatgagc);\                                                                                                                                        
                            E73R (ggatatctgttccggagccagtacggcaggctgctctatatgagc)                                                                                                                                          

  Commercial\               Quikchange                                                    Agilent                                                                                                                         
  assay or kit                                                                                                                                                                                                            

  Commercial\               Mini prep kits                                                Qiagen                                                                                                                          
  assay or kit                                                                                                                                                                                                            

  Compound,\                Isopropyl\                                                    GoldBio                                                                                                                         Protein expression
  chemical or drug          β-D-1-thiogalactopyranoside                                                                                                                                                                   

  Compound,\                Ampicillin                                                    Amresco                                                                                                                         Selection media
  chemical or drug                                                                                                                                                                                                        

  Other                     LB (broth and agar)                                           Invitrogen                                                                                                                      Media

  Other                     15N- Ammonium Chloride                                        Cambridge Isotope\                                                                                                              Isotopic labeling
                                                                                          Laboratories                                                                                                                    

  Other                     Deuterium Oxide (99.8%)                                       Sigma Aldrich                                                                                                                   Isotopic labeling

  Other                     13C6 Glucose                                                  Cambridge Isotope\                                                                                                              Isotopic labeling
                                                                                          Laboratories                                                                                                                    

  Other                     D-Glucose-13C6,1,2,3,4,5,6,6-d7                               Cambridge Isotope\                                                                                                              Isotopic labeling
                                                                                          Laboratories                                                                                                                    

  Other                     Quantifoil R2/2                                               Ted Pella                                                                                                                       Cryo-EM support film

  Software, algorithm       Leginon                                                       PMID: [11121305](https://www.ncbi.nlm.nih.gov/pubmed/11121305)   RRID:[SCR_016731](https://scicrunch.org/resolver/SCR_016731)   Cryo-EM data collection

  Software, algorithm       SerialEM                                                      PMID: [16182563](https://www.ncbi.nlm.nih.gov/pubmed/16182563)                                                                  Cryo-EM data collection

  Software, algorithm       auto3dem                                                      PMID: [17029842](https://www.ncbi.nlm.nih.gov/pubmed/17029842)                                                                  Cryo-EM 3D\
                                                                                                                                                                                                                          reconstruction

  Software, algorithm       RobEM                                                         Timothy S Baker\'s lab, UCSD                                                                                                    Cryo-EM 3D\
                                                                                                                                                                                                                          reconstruction

  Software, algorithm       Phenix                                                        PMID: [29872004](https://www.ncbi.nlm.nih.gov/pubmed/29872004)   RRID:[SCR_014224](https://scicrunch.org/resolver/SCR_014224)   Cryo-EM map\
                                                                                                                                                                                                                          fitting and analysis

  Software, algorithm       UCSF Chimera                                                  PMID: [15264254](https://www.ncbi.nlm.nih.gov/pubmed/15264254)   RRID:[SCR_004097](https://scicrunch.org/resolver/SCR_004097)   cryo-EM image\
                                                                                                                                                                                                                          visualization

  Software, algorithm       NAMD                                                          PMID: [16222654](https://www.ncbi.nlm.nih.gov/pubmed/16222654)   RRID:[SCR_014894](https://scicrunch.org/resolver/SCR_014894)   Homology modeling

  Software, algorithm       CHARMM                                                        PMID: [19444816](https://www.ncbi.nlm.nih.gov/pubmed/19444816)   RRID:[SCR_014892](https://scicrunch.org/resolver/SCR_014892)   Homology modeling

  Software, algorithm       MMTSB Tool Set                                                PMID: [15099834](https://www.ncbi.nlm.nih.gov/pubmed/15099834)                                                                  Homology modeling

  Software, algorithm       ccpNmr analysis                                               PMID: [15815974](https://www.ncbi.nlm.nih.gov/pubmed/15815974)   RRID:[SCR_016983](https://scicrunch.org/resolver/SCR_016983)   NMR data analysis

  Software, algorithm       Aria                                                          PMID: [17121777](https://www.ncbi.nlm.nih.gov/pubmed/17121777)                                                                  NMR data analysis

  Software, algorithm       CS-ROSETTA                                                    PMID: [19034676](https://www.ncbi.nlm.nih.gov/pubmed/19034676)   RRID:[SCR_015701](https://scicrunch.org/resolver/SCR_015701)   NMR data analysis

  Software, algorithm       TALOS-N                                                       PMID: [23728592](https://www.ncbi.nlm.nih.gov/pubmed/23728592)                                                                  NMR data analysis

  Software, algorithm       Tensor-2                                                      PMID: [10718609](https://www.ncbi.nlm.nih.gov/pubmed/10718609)                                                                  NMR data analysis

  Software, algorithm       Dali                                                          PMID: [20457744](https://www.ncbi.nlm.nih.gov/pubmed/20457744)   RRID:[SCR_013433](https://scicrunch.org/resolver/SCR_013433)   NMR data analysis

  Software, algorithm       NMRbox                                                        PMID: [28445744](https://www.ncbi.nlm.nih.gov/pubmed/28445744)   RRID:[SCR_014827](https://scicrunch.org/resolver/SCR_014827)   NMR data analysis
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Strains and media {#s4-1}
-----------------

Phage L, its bacterial host, and purification procedures to produce high-titer stocks were previously described ([@bib33]; [@bib81]). Stocks were stored in a 10 mM Tris (pH 7.6) and 10 mM MgCl~2~ buffer. LB Miller broth and LB agar (Invitrogen) were used for all experiments.

Purification of P22 phage with various coat proteins {#s4-2}
----------------------------------------------------

*Salmonella enterica* serovar Typhimurium strain DB7136 (leuA414am, hisC525am, su^0^), expressing P22 coat protein from mutant pMS11 plasmids, were infected with P22 phage carrying amber mutations in gene five to stop production of phage-encoded coat protein as described previously ([@bib79]). This P22 strain also carried the c1-7 allele to prevent lysogeny. The resulting phages containing amino acid substitutions in coat protein were purified using standard protocols ([@bib33]; [@bib61]).

Site-directed mutagenesis of P22 coat protein and phage L Dec protein {#s4-3}
---------------------------------------------------------------------

The plasmid pMS11 was mutated using Quikchange protocols as described previously ([@bib21]) to generate plasmids that express coat protein containing the following substitutions: E81R, P82S, R299E, P322S, E323R, E81R:E323R. All plasmids were Amp^R^ (100 μg/mL) and IPTG inducible (1 mM). Sequences were confirmed at the RSTF Genomics Core at Michigan State University. Plasmid pDec was mutated using Quikchange protocols, and was used to express wild type and variant Dec, each with a C-terminal histidine tag. Phage P22 purification ([@bib33]; [@bib61]) and binding assays were performed as described ([@bib81]; [@bib61]). To measure binding, purified Dec was added to P22 phages made with WT or variant coat proteins. Free Dec was separated from Dec bound to P22 particles by cesium chloride density gradient sedimentation as previously described ([@bib33]; [@bib81]). Bands containing P22 were TCA-precipitated, and analyzed by SDS-PAGE. Coomassie-stained gel bands corresponding to P22 coat protein and Dec were quantitated and normalized to the ratio found in native P22 particles when bound with Dec. All binding experiments were repeated two to four times. Representative data are shown.

Cryo-EM imaging {#s4-4}
---------------

Aliquots (\~5 μL) of phage L virions were vitrified and examined using published procedures ([@bib5]). Briefly, this involved applying samples to Quantifoil R2/2 holey grids that had been plasma cleaned for \~20 s in a Fischione model 1020 plasma cleaner. Grids were then blotted with Whatman filter paper for \~5 s, and plunged into liquid ethane. Samples were pre-screened for concentraton and purification quality in a JEOL JEM-2200FS TEM using a Gatan 914 specimen holder, using standard low-dose conditions as controlled by SerialEM ([@bib53]). High-resoluiton imaging on an FEI Titan Krios was performed at Florida State University. Micrographs were recorded on a Direct Electron DE-20 camera wth a capture rate of 25 frames per second using a total of 53 frames, and a final dose of \~27 e/Å^2^ at a final pixel size of 1.26 Å. Movie correction was performed using the Direct Electron software package, v2.7.1 ([@bib89]) on entire frames.

3D image reconstructions of icosahedral particles {#s4-5}
-------------------------------------------------

Micrographs exhibiting minimal astigmatism were selected for further processing. The objective lens defocus settings used to record each data set ranged 0.35 to 2.49 μm. In total, the final reconstruction used 7879 of the best particles from 494 images. The program RobEM (<http://cryoEM.ucsd.edu/programs.shtm>) was used to estimate micrograph defocus and astigmatism, extract individual phage L particles, and to preprocess the images. 150 particle images were used as input to the random-model computation procedure to generate an initial 3D density map at \~25 Å resolution ([@bib93]). Each map was then used to initiate determination and refinement of particle orientations and origins for the complete set of images using the current version of AUTO3DEM (v4.01.07) ([@bib94]). Phases of the particle structure factor data were corrected to compensate for the effects caused by the microscope contrast-transfer function, as described ([@bib13]). The Fourier Shell Correlation (FSC~0.5~) 'gold standard' criterion was used to estimate the resolution of the final 3D reconstructions ([@bib65]). The global resolution of the entire virion density map was determined to be 4.2 Å, without applying a mask. Local resolution was estimated as previously described ([@bib14]). Map segmentation was performed using the Segger tool in Chimera ([@bib34]). Phenix was used for autosharpening, atomic model fitting, and map validation for the segmented coat and Dec densities ([@bib1]). A portion of the native phage L capsid map (segmented coat and Dec density) has been deposited in the EMDB database (accession number EMD-9392). Graphical representations were generated using the UCSF Chimera visualization software package ([@bib34]).

NMR characterization of the structure and dynamics of monomeric Dec {#s4-6}
-------------------------------------------------------------------

Samples of recombinant Dec enriched in ^15^N, ^13^C and ^2^H isotopes for NMR studies were expressed in *E. coli* and purified as described ([@bib56]). To obtain samples suitable for NMR, 0.3 to 0.5 mM Dec was unfolded to pH 2 for 20 min, followed by refolding to pH 4.0 in 20 mM sodium acetate buffer containing 50 mM NaCl and 1 mM EDTA. The acid-unfolding/refolding procedure converted Dec to a monomer as monitored by native gel electrophoresis, size exclusion chromatography and ^15^N relaxation data ([@bib56]). All NMR data were collected for samples held at a temperature of 33°C. Virtually complete NMR assignments for monomeric Dec (\>98% of backbone resonances) were obtained using a suite of 3D NMR experiments ([@bib56]) and have been deposited in the Biological Magnetic Resonance Bank (<http://www.bmrb.wisc.edu/>) with the accession number 27435.

NMR structures for Dec were calculated with the program ARIA v. 2.3.1 ([@bib9]) using the experimental restraints summarized in [Table 2](#table2){ref-type="table"}. Backbone (ϕ,ψ) and side chain (χ1) torsion angles were calculated from assigned HN, N, Hα, Cα, Cβ, and CO NMR chemical shifts using the program TALOS-N ([@bib73]). NOE-based distance restraints were obtained from 3D ^15^N- and ^13^C-NOESY experiments collected on ^15^N/^13^C-labeled Dec samples, with or without 50% fractional deuteration. The NOESY experiments were collected on an 800 MHz spectrometer equipped with a cryogenic probe, using a mixing time of 100 ms. Hydrogen bond restraints were included based on H-bond donors and acceptors identified in a long-range HNCO experiment ([@bib20]) recorded on a ^2^H,^13^C,^15^N triple-labeled Dec sample in TROSY mode at 800 MHz, and H-bond donors inferred from amide proton protection in ^1^H to ^2^H hydrogen exchange experiments. Water refinement in the program ARIA ([@bib9]) was used as a final optimization step for the NMR structures.

Backbone dynamics of Dec were characterized using ^15^N NMR R1, R2, and ^1^H-^15^N NOE relaxation data recorded at 800 MHz. R1 rates were obtained using interleaved relaxation delays of 0.05, 0.13, 0.21, 0.49, 0.57, 0.71 and 0.99 s. R2 rates were determined using interleaved relaxation delays of 0.01, 0.03, 0.05, 0.07, 0.09, 0.11, and 0.15 s. A 2 s pre-acquisition delay was used for recovery to thermal equilibrium. ^1^H-^15^N NOE values were determined from the ratio of crosspeak intensities in a spectrum for which the proton signals were saturated for 2.5 s and a control spectrum in which the saturation period was replaced by a pre-acquisition delay of equivalent length. The processing and analysis of relaxation parameters was done according to published protocols ([@bib3]). Model-free analyses ([@bib51]) of the ^15^N relaxation data were performed with the program Tensor2 ([@bib25]), yielding an optimal global isotropic rotational correlation time of 7.4 ns.

Flexible fitting of coat protein and Dec into the cryo-EM map {#s4-7}
-------------------------------------------------------------

Initial structures of the capsid proteins were built via homology modeling based on the available structure for P22 (PDB ID 5UU5; [@bib42]). Using the symmetry operations in the PDB structure, 1/8^th^ of the capsid was constructed to cover the entire cryo-EM density map for phage L. To obtain an initial structure, the entire capsid complex was fitted via rigid-body docking to the density map using UCSF Chimera ([@bib34]).

After docking and refining the NMR-derived N-terminal OB-fold of Dec, a model for the helix spanning residues 78 to 86, and a linker was added to cover residues 87--92 before connecting with a homology model for the C-terminus based on a fragment from the bacteriophage T4 proximal long tail fiber protein gp34 (PDB ID: 4UXE; [@bib35]). The EM density lacks sufficient resolution for reliably modeling the C-terminal part of Dec in terms of side chain orientations but indicates a barrel-shaped structure consistent with a β-helix seen in many bacteriophage tail structures. The modeled β-helix is also consistent with the β-sheet secondary structure predicted for the C-terminus of Dec from its sequence ([@bib81]; [@bib61]; [@bib56]). The selection of this structure as a template was based on the dimension of the β-helix that was narrower than most β-helices found in other tail structures, and in better agreement with the EM density. The complete model of the Dec trimer was then optimized against the EM density via flexible fitting using the MDFF protocol within NAMD ([@bib86]). During the flexible fit, residues 1--77 were restrained at Cα and Cβ positions and the helices in each subunit spanning from 79 to 86 as well as the trimeric β-helix involving residues above 104 were internally restrained Cα positions. This allowed the C-terminal part of the trimer to move separately from the N-terminus to find the best fit to the EM density while preserving the secondary structure motifs. We note, that while the model for the N-terminal part of Dec is supported by NMR data and a good fit to the relatively high-resolution EM density, the model for the C-terminus is speculative due to a lack of high-resolution experimental data, therefore we only show the Cα backbone.

![Comparison of decoration proteins.\
(**A**) Side and B) top-down views of decoration proteins gpD (PDB ID 1C5E), gp87 (PDB ID 6BL5) and Dec (PDB ID 6D2D). Chains of each trimer are rainbow colored from N-terminus (blue) to C-terminus (red).](elife-45345-fig7){#fig7}
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In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

\[Editors' note: a previous version of this study was rejected after peer review, but the authors submitted for reconsideration. The first decision letter after peer review is shown below.\]

Thank you for submitting your work entitled \"How phage L capsid decoration protein distinguishes between nearly identical binding sites on an icosahedral virion\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, one of whom is a member of our Board of Reviewing Editors, and the evaluation has been overseen by a Senior Editor. The reviewers have opted to remain anonymous.

Our decision has been reached after consultation between the reviewers. Based on these discussions and the individual reviews below, we regret to inform you that your work will not be considered further for publication in *eLife*.

All reviewers felt that it is of interest to understand discrimination of QE locations in capsids. One reason might be to understand immune recognition. Another might be to be able to direct assembly toward different T numbers. Unfortunately, the reviewers were not convinced that the paper gave insights into the structural basis for this in phage L, and whether this might be generalized to other viruses. Given that *eLife* does not make major revision decisions where substantial new work would be required, the only option was to reject the current submission. However, this does not preclude the future resubmission of a revised manuscript that fully addresses the concerns raised in this review.

*Reviewer \#1:*

This manuscript presents structural studies of phage L capsid and capsid decoration proteins, using NMR, Cryo-EM and other biochemical approaches. Icosahedral virus capsid shells often have decoration proteins that help stabilize the virion structure against environmental insults. Among dsDNA tailed phages, those decoration proteins are known to have two common protein folds: one is the Ig domain fold such as pb10 in phage T5, and the other is a trimer with a β-tulip and α/β subdomain such as gpD in lambda phage. Now, in this manuscript, Newcomer et al. report a capsid protein Dec in Phage L that has an OB-fold, which is now the third fold of the dsDNA virus decoration proteins. In this paper, the Dec protein structure was obtained from NMR combined with homology modeling and then docked into the cryo-EM map. Interestingly, from the cryo-EM reconstruction the authors showed that the Dec proteins only selectively bind to the \"quasi-three-fold\" between hexons, but not to the \"true three-fold\" or the \"quasi-three-fold\" between hexons and a penton. The authors also try to explain the mechanism of Dec binding specificity through some mutagenesis studies and MD-based structural analysis. Overall the NMR part appears to be well designed and executed. On the other hand, the cryo-EM part was poorly presented, and there are several major issues that must be addressed.

1\) The stated resolution of the cryo-EM map is ambiguous and misleading. The authors report a 4.2 Å overall resolution of the icosahedral reconstruction (I assume this means no mask was applied for this estimation, and the authors need to clarify this in the paper). But from Figure 1C, one can clearly tell the map resolution for the Dec protein part is probably around 8\~15 Å, much worse than 4.2 Å. Also, the half-map FSC is measuring self-agreement between two maps rather than actual resolution. Therefore the authors need to measure the Model:Map FSC for the capsid proteins and Dec separately, and include those numbers in the paper.

2\) The features in this cryo-EM map do not look like a typical 4.2 Å map. For example, one usually sees side chain densities on a helix and β-strand separation at this resolution. But these were not seen in the map provided by the authors. Therefore, it is either the authors over-estimated the cryo-EM resolution, or the map has not been properly sharpened. With the map quality as seen, it is hard to believe the detailed amino acid site analysis presented in Figure 5. This also suggests that some of the mutagenesis results can simply be explained by an inaccurate atomic model.

3\) Both the capsid protein and Dec models sent from the authors have poor protein geometries, meaning they were poorly refined. Both models even have cis-peptides in the structure, which is unacceptable. The authors need to put a table in the main text listing protein geometries (bonds RMSD, Ramachandran statistics, etc.) of the deposited cryo-EM models and maps, and those statistics need to reach the common standard of the field.

4\) One of the most interesting points in the paper involves the Dec selectivity on the Phage L capsid. But why were the mutagenesis experiments done using Phage P22, which doesn\'t have Dec?

5\) The structural basis for the selective binding of Dec to capsids was poorly discussed. The MD-based simulations are not helpful in elucidating the mechanism. First, the authors need to understand that the hexons in the capsid do not necessarily have C6 symmetry. This is true from the model sent by the authors, and this means the \"quasi-three-fold\" and \"true three-fold\" may have different surface interfaces to Dec, which is the simplest explanation for Dec selectivity. With a 4.2 Å map, the author should be able to compare the surface using real cryo-EM map/models, rather than some MD simulations.

*Reviewer \#2:*

The manuscript \"How phage L capsid decoration protein distinguishes between nearly identical binding sites on an icosahedral virion\" by Newcomer et al. looks at the binding of Dec on the capsid exterior surface in its host phage L, which varies according to position on the capsid surface. In addition, Dec binds to phage P22 due to 99.6% identity in coat protein sequence with that of phage L, although P22 doesn\'t encode its own Dec homolog. Capsid structures determined by high-resolution cryo-electron microscopy are combined with an NMR solution structure of monomeric Dec, MD simulations, and mutations across the P22 core and Dec interface to reveal the selectivity of Dec binding. Although this is a rather specific example from one of many similar phages, it nonetheless reflects a more general question of the fidelity of protein-protein binding that can also be found in other cellular contexts and for regulating function. Thus, it\'s a useful illustration of a general process that is readily studied in the tractable context of high-symmetry phage particles that are easily expressed and purified. However, while identifying several residues across multiple copies of the coat protein and in Dec that are important for binding, as well as the structural key to the binding selectivity, its not entirely clear what general principles have been discovered. Why does phage L have a Dec protein, but P22 has none? Why is Dec binding selective at all -- ie, what difference is there between Dec binding nowhere, everywhere, and in the specific location identified? Nonetheless, as a model system the structural and binding results make an interesting story that is well supported by the data and offers a foundation for continuing to pursue important questions.

The manuscript could be greatly improved by correcting numerous errors, better wording, and a more concise presentation -- including the Introduction, and NMR section in Results that descends into Discussion. Some examples are listed below, but others abound. A thorough read by all authors might really tighten this up.

1\) Be careful to specify the scope of statement -- e.g., the Abstract starts \"The major coat proteins of most dsDNA tailed phages and viruses form capsids by a mechanism that includes active packaging of the dsDNA genome into a precursor procapsid, and subsequent expansion/stabilization of the capsid.\" By \"most\" the implication is that some dsDNA tailed phages and viruses do *not* package the genome into a preformed capsid etc. And yet there is a well-defined group in which this is, as far as I know, true -- dsDNA tailed phages and herpesviruses. Why not say that? (The second sentence about atmospheres of pressure is pretty meaningless -- why not talk more relevantly of concentration?) The third sentence then says \"Phages and viruses have evolved diverse strategies to strengthen their capsids, such as non-covalent binding of auxiliary \"decoration\" proteins.\" This appears to be true of the dsDNA tailed phages and herpesviruses, but not necessarily for capsids that must disassemble to deliver their genomes, such as the dsDNA polyoma/papillomaviruses (but may be true for adenoviruses, on the other hand). The point being to word these statements precisely so as to avoid inadvertently generalizing in ways that are simply not correct.

2\) Another example of a poorly chosen term \"...such that some coat proteins are in hexameric conformations and some are in pentameric conformations\" where strictly they are in hexavalent locations (usually but not always organized as hexamers -- adenovirus trimers and polyomavirus pentamers, for example -- or in fact more tightly organized as dimers as in hepatitis B virus) and pentavalent location, although those are organized as pentamers. As above, if you properly specify the subset of \"Viral icosahedral capsids\" as pentamer-hexamer dsDNA tailed phages and herpesviruses, then your statements following aren\'t wrong.

Similarly, in the first paragraph of the Introduction, environmental stress (plus that from internal dsDNA).

\"At least 10^31^ viruses are found in the biosphere\" neglects the indirect argument involved -- 10^30^ bacteria were estimated from water samples, with 10 phage for each bacterium leading to the 10^31^ figure. Since phage are expected to dominate eukaryotic viruses numerically, the statement should read \"10^31^ viruses are estimated in the biosphere\". And the 2005 citation to support this \[Bamford, Grimes and Stuart, 2005\] is well-preceded by Hendrix\'s 1999 \"All the world\'s a phage" paper in PNAS -- see the start of the Discussion.

3\) The tight packaging of DNA \"...facilitates delivery of the majority of the viral genome into the host\" is supported by what evidence? The dsDNA is not a fluid released like champagne from an uncorked bottle, and in some cases only a small portion is released initially with the rest drawn out by transcription -- e.g., phage T5.

4\) Introduction, third paragraph: The reference to chainmail should not be the 1989 Popa et al. paper, which merely indicated that the HK97 major capsid protein was involved in \"wholesale covalent crosslinking\", but instead the Duda 1998 Cell paper that proposed the chainmail lattice, and/or the Wikoff et al. crystal structure paper of 2000 in Science that verified it with the atomically-modeled details.

5\) \"gpD stabilizes its capsid by binding at all three-fold symmetry axes \[Lander et al., 2008; Yang, Maluf and Catalano, 2008\]\" -- first, it binds at the local and icosahedral 3-fold symmetry positions (axes invokes icosahedral only), and note that the use of \"true three-fold axis\" in Figure 6 and elsewhere would be better described as \"icosahedral 3-fold axis\". Secondly the citations are to recent structural papers that do not demonstrate that binding gpD stabilizes the capsid -- that would be much earlier, Sternberg and Weisberg, 1977 or Imber et al., 1980, both in JMB. Structural data were also available much earlier, from the first lambda capsid map by Dokland and Murialdo, 1995, to the gpD crystal structure and improved capsid map by Yang et al., 2000.

6\) \"P-loops\" are not defined here, or anywhere. Indicate such domains on Figure 1---figure supplement 2.

7\) \"The twelfth penton vertex is occupied by the portal channel...\" -- first, its not really a \"penton vertex\" since no penton occupies it; and second, while it is indeed occupied by a channel it would be more correct would be to say that its occupied by the portal complex that connects to the tail apparatus.

8\) The amino acid differences between phage L and P22 coat proteins are marked on Supplementary Figure 2D, but it would be useful to see them more in context by marking them (as spheres?) on Supplementary Figure 2E.

9\) Supplementary Figure 4 colors one of the three subunits in rainbow according to the caption -- this does not appear to the case as it is cyan and purple with some abrupt point of transition. Marking the N- and C-termini, and including the fold (one subunit) may help with this figure. The main text (subsection "Structures of the phageL coat lattice and capsid-bound Dectrimers", third paragraph) suggests that cyan is the N-terminal region (OB-fold) and the purple is the C-terminal region (3-stranded β-helix and protruding central stalk). Please clarify in the legend.

10\) Subsection "NMR structure of the Dec monomer has an OB-fold domain and an unfolded C terminus", first and last paragraphs and legend to Supplementary Figure 4: Supplementary figure 5 should be Supplementary Figure 6. However, the two figures should probably be swapped as the NMR data (Supplementary Figure 6) are referred to before the Rosetta modeling (Supplementary Figure 5).

11\) Confusing as written \"To further characterize the dynamics of Dec, we collected NMR 15N-relaxation data (Supplementary Figure 5) and analyzed the dynamics of the monomeric protein in terms of the \"Model-Free\" formalism.\" Since the NMR data have already been described for the previous two pages, introducing the data collection again is weird. Perhaps it should read \"To further characterize the dynamics of the monomeric Dec protein, we analyzed the NMR 15N-relaxation data (Supplementary Figure 5) in terms of the \"Model-Free\" formalism.\"

12\) \"We noted that coat proteins occupying different local conformations 290 (as a result of the quasi-equivalent capsid lattice) contribute different residues to the binding interface (Figure 5A, Video 3).\" The difference in residues contributed is not apparent in either Figure 5A nor in the video.

13\) Results, subsection "A structural basis for the discminatory binding of Dec to capsids", does not include the pentamer-hexamer quasi-3-fold location, and why Dec does not bind there.

14\) Subsection "Decoration proteins employ a variety of binding schemes to adhere to phage capsids", might include a reference to the herpesvirus triplex binding.

15\) \"occupy similar spatial positions as the HK97 catalytic residues that crosslink to form the lattice \"chainmail\".\" These residues would be better called the crosslinking residues as a catalyst by definition is not \"used up\" by the reaction -- a third residue is proposed to act as a catalyst for the crosslinking reaction.

16\) \"the inherent asymmetry in the Dec trimer\" -- this Dec asymmetry is observed in the cryoEM data where the Dec trimer is bound to the capsid at positions that depart slightly from 3-fold symmetry, and presumably the homo-trimer is flexible enough to accommodate the capsid. It is not observed in the NMR data since that is of monomeric Dec. What then is the basis for saying that this asymmetry is inherent in the Dec trimer when is it rather more certainly inherent in the capsid at the positions Dec binds to? The strongest evidence might be that Dec doesn\'t bind at the icosahedral (strict) 3-fold site, but then it also doesn\'t bind at the local 3-fold adjacent to the pentamers (and this isn\'t explained -- see \#13 above).

17\) The authors might consider mentioning earlier in the Introduction that gpD and Dec bind the capsids as homotrimers.

18\) Some figures are not easily understood, including Figure 1 where the capsomers and the T=7 organization are hard to see (even Supplementary Figure 2 isn\'t entirely clear, but it is better).

*Reviewer \#3:*

In this manuscript Newcomer et al. bring three approaches to bear on the question of how phage L Dec protein discriminates between true and quasi three-fold symmetry sites. The structure of phage L coat lattice and capsid bound Dec trimers is obtained by cryo-EM, an NMR structure of a partially refolded Dec monomer is obtained, and site directed mutagenesis is performed on P22 coat protein to assess the effect on Dec binding.

The techniques brought to bear are all high-resolution techniques and the cryo-EM and NMR experiments seem to be technically solid. In this reviewer\'s opinion the NMR studies of a partially refolded Dec monomer are something of a distraction from the focus of the manuscript.

Curiously, the mutagenesis experiments were performed using bacteriophage P22 coat protein rather than phage L. This reviewer appreciates the similarity between the two phage, and also the availability of systems for genetic manipulation and production of P22 phage. While it seems likely (based on the 2006 publication by Tang et al.) that binding is the same, constructing a P22 coat protein mutant containing the 4 phage L sequence alterations would seem to be straightforward and more compelling.

The major reservation this reviewer has is despite the effort and high-resolution structures obtained the end result is that discriminatory binding is \"largely due to the surface area of contact with the capsid protein\", a vague statement which could have been made even prior to this study.

There are no doubt valuable and intriguing findings in this manuscript. However, perhaps reflective of the interests of the multiple groups involved the focus drifts from discriminatory binding, to the novelty of the structure of the Dec protein itself, to unanswered questions about why some phage have decoration/stabilization proteins and some don\'t.

\[Editors' note: what now follows is the decision letter after the authors submitted for further consideration.\]

Thank you for submitting your article \"The phage L capsid decoration protein has a novel OB-fold and an unusual capsid binding strategy\" for consideration by *eLife*. Your article has been reviewed favorably by three peer reviewers, one of whom is a member of our Board of Reviewing Editors, and the evaluation has been overseen by John Kuriyan as the Senior Editor. The reviewers have opted to remain anonymous.

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

Summary:

This is a revised version of the manuscript by Newcomer et al. in which they describe the structure of phage L, a P22-like dsDNA phage that, unlike P22, is stabilized by decoration proteins that bind to quasi-threefold, but not icosahedral threefold positions in the capsid. Furthermore, they determine the NMR solution structure of Dec, which has an OB fold, different from e.g. the gpD decoration protein of phage lambda. Additionally, mutational analysis was used to identify the residues involved in the CP-Dec binding interaction.

The authors have generally responded well to the previous reviewers\' comments. Most importantly, they provide an improved map and more well refined model.

Essential revisions:

1\) Discussion: \"...decoration proteins for which atomic-resolution structures are known...\" This fails to consider the Psu decoration protein of phage P4, which, like Dec, serves to stabilize the capsids and can be added to capsids extraneously, but, unlike Dec, binds across the center of hexamers (Isaksen et al., 1993, Dokland et al., 1993). The crystal structure of Psu has been determined (Banerjee et al., 2012) and has an α-helical fold, completely different from those of T4, T5, L or lambda. Presumably Psu belongs to an even more distinct lineage of decoration proteins.

2\) Figure 1C is somewhat misleading, in that the color scheme suggests that the six subunits are organized around an icosahedral threefold axis. It would be more useful to color the subunits according to the quasi-symmetric location (A-G) and provide a key to understand which is which (e.g. by indicating on Figure 1A). Positions of symmetry axes (twofold?) should also be indicated.

3\) Figure 6: I get that the two quasi-threefold and the icosahedral threefold position differ in the angle between subunits and that this probably determines whether Dec binds or not. However, the figure is rather messy and it is difficult to see where Dec would bind to the CP. Is there a better way to represent this so that the CP-Dec interaction can be seen in the side view? Maybe a thinner slice through the structure, depth cueing or something like that?

4\) Furthermore, the table in Figure 6, which lists differences in distance between residue E81, does not convey the point made in the text (subsection "Decoration proteins employ a variety of binding schemes to adhere to phage capsids", last paragraph) that the icosahedral threefold is the flattest, the Dec binding quasi-threefold is intermediate, and the pentamer-proximal position is the most angled. One might have presumed that the most angled positions that represent a \"weak point in many capsids\" would be the one where Dec binds. There does not seem to be much discussion of this interesting point, which may point to Dec\'s function -- perhaps not to stabilize capsids after all?

5\) Also, in Figure 6, the arc with the denotation 54.2Å is confusing. What is this the distance between? It seems to indicate an angle rather than a distance. Was it meant to be 54.2°? It might be helpful to list these angles differences between all three types of trimers.

6\) I find it a really missed opportunity to demonstrate the claimed quality of the maps by not showing some region with excellent side-chain density with the fold model fit into it -- not in the manuscript, supplementary figures or videos.

7\) This rebuttal statement \"We have de-emphasized the notion of discriminatory binding in our title and throughout the text\" does not seem to be accurate. The Abstract states: \"The Dec protein from the P22-like phage L has a highly unusual binding strategy that precisely distinguishes between nearly identical three-fold and quasi-three-fold sites of the icosahedral capsid.\" and \"Here, we investigate how Dec is able to distinguish subtly different capsid binding sites with high specificity.\" This aspect has rather more prominence than claimed.

10.7554/eLife.45345.025

Author response

\[Editors' note: the author responses to the first round of peer review follow.\]

> All reviewers felt that it is of interest to understand discrimination of QE locations in capsids. One reason might be to understand immune recognition. Another might be to be able to direct assembly toward different T numbers. Unfortunately, the reviewers were not convinced that the paper gave insights into the structural basis for this in phage L, and whether this might be generalized to other viruses. Given that eLife does not make major revision decisions where substantial new work would be required, the only option was to reject the current submission. However, this does not preclude the future resubmission of a revised manuscript that fully addresses the concerns raised in this review.

Thank you for the suggestions and for the opportunity to make the text more generalizable to a broad audience. We have addressed these points in the Introduction and Discussion sections to include how this is generalizable to other viruses, nanomedicine, general assembly and stability mechanisms and also of great utility in nanomaterials design. We also emphasized the point that an OB-fold is a novel domain for decoration proteins and this is a fundamentally important finding within this work. We have indicated that the decoration proteins discussed specifically in our manuscript bind only after maturation, so they cannot affect T number.

> Reviewer \#1:
>
> \[...\]
>
> 1\) The stated resolution of the cryo-EM map is ambiguous and misleading. The authors report a 4.2 Å overall resolution of the icosahedral reconstruction (I assume this means no mask was applied for this estimation, and the authors need to clarify this in the paper). But from Figure 1C, one can clearly tell the map resolution for the Dec protein part is probably around 8\~15 Å, much worse than 4.2 Å. Also, the half-map FSC is measuring self-agreement between two maps rather than actual resolution. Therefore the authors need to measure the Model:Map FSC for the capsid proteins and Dec separately, and include those numbers in the paper.

We have run map validation procedures using Phenix and have listed this information in the Materials and Methods section. By applying the autosharpening routine, the display of the map is much improved, and the new figures accurately reflect the high resolution. Indeed, this capsid reconstruction has varying resolution at different radii. We have tried to further emphasize this point where we talk about the local resolution assessment (originally Supplementary Figure 3, now moved to Figure 1---figure supplement 1). Selected statistics from the validation report are now shown in Table 1.

> 2\) The features in this cryo-EM map do not look like a typical 4.2 Å map. For example, one usually sees side chain densities on a helix and β-strand separation at this resolution. But these were not seen in the map provided by the authors. Therefore, it is either the authors over-estimated the cryo-EM resolution, or the map has not been properly sharpened. With the map quality as seen, it is hard to believe the detailed amino acid site analysis presented in Figure 5. This also suggests that some of the mutagenesis results can simply be explained by an inaccurate atomic model.

We appreciate the point made by the reviewer and we acknowledge we were in error in supplying the raw data for review. We have now supplied a sharpened map, where the highresolution quality is easier to visualize.

After using the autosharpening routine within Phenix, the display of the map is much improved, and the new figures accurately reflect the high resolution. The detailed side chain information that guided the mutagenesis experimentation is well supported by three independent points:

1\) The phage L coat protein density is of sufficient quality to determine a complete model de novo(see above and local resolution refinement Figure 1---figure supplement 1).

2\) Phage L coat protein has 99.6% identity to P22 coat protein. The majority of our phage L model is within 1-1.5 Å RMSD from the high-resolution models derived from P22 data (3.3 Å resolution in Hryc et al., 2017 PNAS -- [https://www.ncbi.nlm.nih.gov/pubmed/28270620]{.ul}).

3\) Our NMR data is derived independently. The NMR data accurately describes the N-terminal portion of Dec protein (residues 1-77), and docks in very well with the cryo-EM derived models. While we agree that the C-terminal β-helix is much lower resolution in our cryo-EM map, only the N-terminal OB fold of the Dec protein as docked into the trimer is necessary for designing/interpreting site-directed mutagenesis studies.

Therefore, a hypothesis regarding detailed side chain information where the coat protein contacts Dec is a perfectly reasonable one to make and to test. The experimental evidence from the mutagenesis data aligns with our predictions and gives additional strength to the atomic models of coat and Dec. In fact, ours is one of very few papers that experimentally tests decoration protein binding to capsids via mutagenesis, and we believe this significantly adds to the current understanding within the field. We have made it a point to more clearly state the value of this experiment throughout the text.

> 3\) Both the capsid protein and Dec models sent from the authors have poor protein geometries, meaning they were poorly refined. Both models even have cis-peptides in the structure, which is unacceptable. The authors need to put a table in the main text listing protein geometries (bonds RMSD, Ramachandran statistics, etc.) of the deposited cryo-EM models and maps, and those statistics need to reach the common standard of the field.

We have used Phenix to perform real-space refinement within the sharpened density and have improved models. Furthermore, we have deposited the validation reports along with our models to the EMDB. Selected statistics from the validation report are now shown in Table 1. The full validation reports for the capsid protein are available to anyone who wants access under the accession number EMD-9392. The NMR structure has been deposited to the PDB and validation reports on that structure are also publically available under the accession number 6E3C.

> 4\) One of the most interesting points in the paper involves the Dec selectivity on the Phage L capsid. But why were the mutagenesis experiments done using Phage P22, which doesn\'t have Dec?

This is a result of two considerations:

1\) Using P22 drastically increased efficiency and reduced the cost of the experiments. Since P22 is a well-established model system, we had access to clear plaque mutants, amber mutants, non-sense tRNA suppressors, cloned plasmids, a variety of host strains etc. We would need to establish a complete genetic system in phage L in order to do these experiments. Since previous work showed that P22 and phage L capsids are virtually identical (Gilcrease et al., 2005, Tang et al., 2006, and Parent et al., 2010), we decided there was no justification to spend the time and money on the creation of an entirely new Phage L genetic system.

2\) P22 is a well-established model system that is used by many laboratories for molecular display and nano-materials design. Dec is often used in these experiments with P22. Therefore, it is very useful to have the mutant binding data using P22 particles. See a large body of work by Trevor Douglas' group (\>30 publications) as well as nanomaterials work from other groups.

> 5\) The structural basis for the selective binding of Dec to capsids was poorly discussed. The MD-based simulations are not helpful in elucidating the mechanism. First, the authors need to understand that the hexons in the capsid do not necessarily have C6 symmetry. This is true from the model sent by the authors, and this means the \"quasi-three-fold\" and \"true three-fold\" may have different surface interfaces to Dec, which is the simplest explanation for Dec selectivity. With a 4.2 Å map, the author should be able to compare the surface using real cryo-EM map/models, rather than some MD simulations.

Unfortunately, MD was the only way to answer this question, as there was no significant cryo-EM density of Dec at the true icosahedral three-fold site. Therefore, the only way we could possible examine how Dec might interact with the surface was computationally. We couldn't use "real" cryo-EM map/models without evidence of real density.

In light of this reviewer's concern over the use of computational methodology, we have removed this result from the current work.

> Reviewer \#2:
>
> The manuscript \"How phage L capsid decoration protein distinguishes between nearly identical binding sites on an icosahedral virion\" by Newcomer et al. looks at the binding of Dec on the capsid exterior surface in its host phage L, which varies according to position on the capsid surface. In addition, Dec binds to phage P22 due to 99.6% identity in coat protein sequence with that of phage L, although P22 doesn\'t encode its own Dec homolog. Capsid structures determined by high-resolution cryo-electron microscopy are combined with an NMR solution structure of monomeric Dec, MD simulations, and mutations across the P22 core and Dec interface to reveal the selectivity of Dec binding. Although this is a rather specific example from one of many similar phages, it nonetheless reflects a more general question of the fidelity of protein-protein binding that can also be found in other cellular contexts and for regulating function. Thus, it\'s a useful illustration of a general process that is readily studied in the tractable context of high-symmetry phage particles that are easily expressed and purified. However, while identifying several residues across multiple copies of the coat protein and in Dec that are important for binding, as well as the structural key to the binding selectivity, its not entirely clear what general principles have been discovered. Why does phage L have a Dec protein, but P22 has none? Why is Dec binding selective at all -- ie, what difference is there between Dec binding nowhere, everywhere, and in the specific location identified? Nonetheless, as a model system the structural and binding results make an interesting story that is well supported by the data and offers a foundation for continuing to pursue important questions.
>
> The manuscript could be greatly improved by correcting numerous errors, better wording, and a more concise presentation -- including the Introduction, and NMR section in Results that descends into Discussion. Some examples are listed below, but others abound. A thorough read by all authors might really tighten this up.

Thank you for finding value in the story and the data. We have significantly improved the Introduction and Discussion and have removed extraneous detail in the NMR section. We hope this makes the manuscript easier to read. We also think it's interesting that phage L encodes a Dec protein while phage P22 does not. Given that the phage P22 capsid is very stable and its coat protein has only 4 of 430 a.a. different from phage L, it is puzzling that the latter phage would make an extra stabilizing protein given the pressures on viruses to minimize their genomes for efficient packaging. One possible solution to this paradox is if Dec had a second function besides capsid stabilization such as cell recognition. We have evidence that Dec might bind to target cells, presumably through carbohydrate moieties emanating from the target cell surfaces. From a structural point of view, both the OB-fold part of Dec and the C-terminal β-helix could be carbohydrate binding motifs. Because our data at this point is preliminary and pertains to a different scope -- capsid-binding of Dec, we did not include it in the present manuscript. If Dec indeed turns out to have a second targetcell binding function, the selectivity of Dec binding could serve a structural role -- namely different surface patterning on the icosahedral lattice, that could be used for target-cell binding selectively.

> 1\) Be careful to specify the scope of statement -- eg, the Abstract starts \"The major coat proteins of most dsDNA tailed phages and viruses form capsids by a mechanism that includes active packaging of the dsDNA genome into a precursor procapsid, and subsequent expansion/stabilization of the capsid.\" By \"most\" the implication is that some dsDNA tailed phages and viruses do not package the genome into a preformed capsid etc. And yet there is a well-defined group in which this is, as far as I know, true -- dsDNA tailed phages and herpesviruses. Why not say that? (The second sentence about atmospheres of pressure is pretty meaningless -- why not talk more relevantly of concentration?) The third sentence then says \"Phages and viruses have evolved diverse strategies to strengthen their capsids, such as non-covalent binding of auxiliary \"decoration\" proteins.\" This appears to be true of the dsDNA tailed phages and herpesviruses, but not necessarily for capsids that must disassemble to deliver their genomes, such as the dsDNA polyoma/papillomaviruses (but may be true for adenoviruses, on the other hand). The point being to word these statements precisely so as to avoid inadvertently generalizing in ways that are simply not correct.

Thank you for the suggestion. We have addressed these points by specifically stating "dsDNA phages and herpesviruses" to be explicit.

> 2\) Another example of a poorly chosen term \"...such that some coat proteins are in hexameric conformations and some are in pentameric conformations\" where strictly they are in hexavalent locations (usually but not always organized as hexamers! -- adenovirus trimers and polyomavirus pentamers, for example -- or in fact more tightly organized as dimers as in hepatitis B virus) and pentavalent location, although those are organized as pentamers. As above, if you properly specify the subset of \"Viral icosahedral capsids\" as pentamer-hexamer dsDNA tailed phages and herpesviruses, then your statements following aren\'t wrong.

We changed our text to be more explicit.

> Similarly, in the first paragraph of the Introduction, environmental stress (plus that from internal dsDNA).

We changed our text to add the point regarding dsDNA packaging.

> \"At least 10^31^ viruses are found in the biosphere\" neglects the indirect argument involved -- 10^30^ bacteria were estimated from water samples, with 10 phage for each bacterium leading to the 10^31^ figure. Since phage are expected to dominate eukaryotic viruses numerically, the statement should read \"10^31^ viruses are estimated in the biosphere\". And the 2005 citation to support this \[Bamford, Grimes and Stuart, 2005\] is well-preceded by Hendrix\'s 1999 \"All the world\'s a phage" paper in PNAS -- see the start of the Discussion.

Unfortunately, we have to disagree with this reviewer on this point. The subject of the Hendrix 1999 paper is evolutionary relationships that align DNA sequences and protein sequences to infer relatedness among diverse phages. There are no data presented in that work that serves as an estimate for the total number of phages in the biosphere.

The Hendrix paper does however reference a 1989 paper from Bergh et al. that estimates the abundances of viruses in aquatic environments. In addition, there was an updated report in 2000 from Wommack et al. We have replaced the Bamford reference with these two papers to provide references that precede 2005.

> 3\) The tight packaging of DNA \"...facilitates delivery of the majority of the viral genome into the host.\" Is supported by what evidence? The dsDNA is not a fluid released like champagne from an uncorked bottle, and in some cases only a small portion is released initially with the rest drawn out by transcription -- e.g., phage T5.

There is an enormous body of evidence to support the idea that the pressure inside the capsid is sufficient to eject some or in many cases most of the dsDNA chromosome for a variety of phages. We have added these references to the paper and clarified the statement that this phenomenon relates to "many phages and herpesviruses" so as not to imply that this is true for T5:

Some seminal original research papers on pressure and ejection of phages and Herpesviruses:

1\) Evilevitch, 2018

2\) Kellermeyer et al., 2018

3\) Bauer et al., 2013

4\) Bauer et al., 2015

5\) Jin et al. 2015 Virology:

https://www.ncbi.nlm.nih.gov/pubmed/?term=jin+parent+gelbart

6\) Gelbart and Knobler, 2009

7\) Grayson et al., 2006 Virology: https://www.ncbi.nlm.nih.gov/pubmed/16469346

8\) Kindt et al., 2001

Some review papers:

1\) Molineux and Panja 2013 Nat Rev Microbiol:

https://www.ncbi.nlm.nih.gov/pubmed/23385786

2\) Roos et al., 2007 Cell Mol Life Sci: https://www.ncbi.nlm.nih.gov/pubmed/17440680

> 4\) Introduction, third paragraph: The reference to chainmail should not be the 1989 Popa et al. paper, which merely indicated that the HK97 major capsid protein was involved in \"wholesale covalent crosslinking\", but instead the Duda 1998 Cell paper that proposed the chainmail lattice, and/or the Wikoff et al. crystal structure paper of 2000 in Science that verified it with the atomically-modeled details.

Thank you for the suggestion. We have added the Duda and Wikoff references to the end of the sentence, but also kept the Popa reference where we state that the capsid is stabilized by crosslinks as this was the first paper to demonstrate covalent crosslinking phenomenon.

> 5\) \"gpD stabilizes its capsid by binding at all three-fold symmetry axes \[Lander et al., 2008; Yang, Maluf and Catalano, 2008\]\" -- first, it binds at the local and icosahedral 3-fold symmetry positions (axes invokes icosahedral only), and note that the use of \"true three-fold axis\" in Figure 6 and elsewhere would be better described as \"icosahedral 3-fold axis\". Secondly the citations are to recent structural papers that do not demonstrate that binding gpD stabilizes the capsid -- that would be much earlier, Sternberg and Weisberg, 1977, or Imber et al., 1980, both in JMB. Structural data were also available much earlier, from the first lambda capsid map by Dokland and Murialdo, 1995, to the gpD crystal structure and improved capsid map by Yang et al., 2000.

Thank you for the suggestion. We have replaced all instances of "true three-fold" with "icosahedral three-fold".

Thank you also for the suggestions of additional references. It was not our intention to leave out critical findings, and we have happily added the Sternberg and Weisberg, Imber, and Dokland Murialdo citations in the Introduction where we first describe gpD.

> 6\) \"P-loops\" are not defined here, or anywhere. Indicate such domains on Figure 1---figure supplement 2.

Label added.

> 7\) \"The twelfth penton vertex is occupied by the portal channel...\" -- first, its not really a \"penton vertex\" since no penton occupies it, how about dropping \"penton\"; and second, while it is indeed occupied by a channel it would be more correct would be to say that its occupied by the portal complex that connects to the tail apparatus.

The word "penton" has been removed. "Channel" has been changed to "complex".

> 8\) The amino acid differences between phage L and P22 coat proteins are marked on Supplementary Figure 2D, but it would be useful to see them more in context by marking them (as spheres?) on Supplementary Figure 2E.

It proved very difficult to show this well in a 2D view, so instead we made a video showing the location of these differences surrounding a Dec binding site at a quasi three-fold axis (new Video 1).

> 9\) Supplementary Figure 4 colors one of the three subunits in rainbow according to the caption -- this does not appear to the case as it is cyan and purple with some abrupt point of transition. Marking the N- and C-termini, and including the fold (one subunit) may help with this figure. The main text (subsection "Structures of the phageL coat lattice and capsid-bound Dectrimers", third paragraph) suggests that cyan is the N-terminal region (OB-fold) and the purple is the C-terminal region (3-stranded β-helix and protruding central stalk). Please clarify in the legend.

This point is no longer relevant as we have removed this figure from the manuscript.

> 10\) Subsection "NMR structure of the Dec monomer has an OB-fold domain and an unfolded C terminus", first and last paragraphs and legend to Supplementary Figure 4: Supplementary Figure 5 should be Supplementary Figure 6. However, the two figures should probably be swapped as the NMR data (Supplementary Figure 6) are referred to before the Rosetta modeling (Supplementary Figure 5).

In response to several comments by the reviewers, we have reordered the text and the corresponding figures to match in several places.

> 11\) Confusing as written \"To further characterize the dynamics of Dec, we collected NMR 15N-relaxation data (Supplementary Figure 5) and analyzed the dynamics of the monomeric protein in terms of the \"Model-Free\" formalism.\" Since the NMR data have already been described for the previous two pages, introducing the data collection again is weird. Perhaps it should read \"To further characterize the dynamics of the monomeric Dec protein, we analyzed the NMR 15N-relaxation data (Supplementary Figure 5) in terms of the \"Model-Free\" formalism.\"

Thank you for the suggestion. Fixed.

> 12\) \"We noted that coat proteins occupying different local conformations 290 (as a result of the quasi-equivalent capsid lattice) contribute different residues to the binding interface (Figure 5A, Video 3).\" The difference in residues contributed is not apparent in either Figure 5A nor in the video.

We have adjusted the figure, the videos and the legend to make this more clear.

> 13\) Results, subsection "A structural basis for the discminatory binding of Dec to capsids", does not include the pentamer-hexamer quasi-3-fold location, and why Dec does not bind there.

We have de-emphasized the notion of discriminatory binding in our title and throughout the text.

> 14\) Subsection "Decoration proteins employ a variety of binding schemes to adhere to phage capsids", might include a reference to the herpesvirus triplex binding.

We added two references: an original structure paper that first shows the triplexes (Zhou et al., 1994) and a review article (Heming et al., 2017).

> 15\) \"occupy similar spatial positions as the HK97 catalytic residues that crosslink to form the lattice \"chainmail\".\" These residues would be better called the crosslinking residues as a catalyst by definition is not \"used up\" by the reaction -- a third residue is proposed to act as a catalyst for the crosslinking reaction.

We have changed "catalytic" to "crosslinking".

> 16\) \"the inherent asymmetry in the Dec trimer\" -- this Dec asymmetry is observed in the cryoEM data where the Dec trimer is bound to the capsid at positions that depart slightly from 3-fold symmetry, and presumably the homo-trimer is flexible enough to accommodate the capsid. It is not observed in the NMR data since that is of monomeric Dec. What then is the basis for saying that this asymmetry is inherent in the Dec trimer when is it rather more certainly inherent in the capsid at the positions Dec binds to? The strongest evidence might be that Dec doesn\'t bind at the icosahedral (strict) 3-fold site, but then it also doesn\'t bind at the local 3-fold adjacent to the pentamers (and this isn\'t explained -- see \#13 above).

We have removed this statement.

> 17\) The authors might consider mentioning earlier in the Introduction that gpD and Dec bind the capsids as homotrimers.

We have added this detail to the Introduction.

> 18\) Some figures are not easily understood, including Figure 1 where the capsomers and the T=7 organization are hard to see (even Supplementary Figure 2 isn\'t entirely clear, but its better).

We have replaced Figure 1A with a cartoon schematic that better shows T = 7 organization. Supplementary Figure 2 is now removed in the revised text.

> Reviewer \#3:
>
> In this manuscript Newcomer et al. bring three approaches to bear on the question of how phage L Dec protein discriminates between true and quasi three-fold symmetry sites. The structure of phage L coat lattice and capsid bound Dec trimers is obtained by cryo-EM, an NMR structure of a partially refolded Dec monomer is obtained, and site directed mutagenesis is performed on P22 coat protein to assess the effect on Dec binding.
>
> The techniques brought to bear are all high-resolution techniques and the cryo-EM and NMR experiments seem to be technically solid. In this reviewer\'s opinion the NMR studies of a partially refolded Dec monomer are something of a distraction from the focus of the manuscript.

We reworked the text surrounding the NMR data to highlight the important parts, but to decrease on the extraneous details. We have recent unpublished data that freshly purified Dec trimer slowly dissociates to monomers over a period of about a week in solution. Thus the Dec trimer seems to be a metastable kinetically trapped state in solution. Whether the capsids or other intracellular factors stabilize the Dec trimer is an open question, but our results suggest that the monomeric form of Dec is a mechanistically important species. We are currently investigating the mechanism of Dec trimer formation and dissociation. Lastly, the NMR data for the OB-fold was the basis for building the trimer into the cryo-EM density map as well as guiding site-directed mutagenesis, and thus us critical to the work.

> Curiously, the mutagenesis experiments were performed using bacteriophage P22 coat protein rather than phage L. This reviewer appreciates the similarity between the two phage, and also the availability of systems for genetic manipulation and production of P22 phage. While it seems likely (based on the 2006 publication by Tang et al.) that binding is the same, constructing a P22 coat protein mutant containing the 4 phage L sequence alterations would seem to be straightforward and more compelling.

We chose not to make these substitutions as none of them are involved in Dec binding, or near the binding sites. If any were involved in this binding interface we would have expected the binding properties of Dec (e.g. the saturation, affinity, and the binding patterns) to be affected when comparing binding to P22 or L. Additionally, each of the amino acids that are changed in L are found in some P22 stocks as phenotypically silent mutations (Teschke lab, unpublished), suggesting that these minor differences play no role in the way the phage capsids assemble or function. We have added this description to the text.

> The major reservation this reviewer has is despite the effort and high-resolution structures obtained the end result is that discriminatory binding is \"largely due to the surface area of contact with the capsid protein\", a vague statement which could have been made even prior to this study.
>
> There are no doubt valuable and intriguing findings in this manuscript. However, perhaps reflective of the interests of the multiple groups involved the focus drifts from discriminatory binding, to the novelty of the structure of the Dec protein itself, to unanswered questions about why some phage have decoration/stabilization proteins and some don\'t.

We have emphasized the novelty of the Dec OB-fold, as well as the discovery of which residues contribute to capsid binding. These observations would not have been possible without the high-resolution work contained here.

We have de-emphasized the discussion regarding selectivity of binding in some places, although we have added a new figure (new Figure 6) that shows how the coat protein structures change at the different sites to make this more obvious.

\[Editors\' note: the author responses to the re-review follow.\]

> Essential revisions:
>
> 1\) Discussion: \"...decoration proteins for which atomic-resolution structures are known...\" This fails to consider the Psu decoration protein of phage P4, which, like Dec, serves to stabilize the capsids and can be added to capsids extraneously, but, unlike Dec, binds across the center of hexamers (Isaksen et al., 1993, Dokland et al., 1993). The crystal structure of Psu has been determined (Banerjee et al., 2012) and has an α-helical fold, completely different from those of T4, T5, L or lambda. Presumably Psu belongs to an even more distinct lineage of decoration proteins.

Thank you for this addition. We have added these references to the Discussion (Isaksen, Dokland and Lindqvist, 1993; Dokland et al., 1993; Banerjee et al., 2012) and included a mention that Psu is from another category of decoration proteins.

> 2\) Figure 1C is somewhat misleading, in that the color scheme suggests that the six subunits are organized around an icosahedral threefold axis. It would be more useful to color the subunits according to the quasi-symmetric location (A-G) and provide a key to understand which is which (e.g. by indicating on Figure 1A). Positions of symmetry axes (twofold?) should also be indicated.

We have adjusted the figure according to the color scheme recommended by the reviewers and added an enlarged area to show the fit of the map and the high resolution allowing us to view side chains. The figure legend has been edited accordingly.

> 3\) Figure 6: I get that the two quasi-threefold and the icosahedral threefold position differ in the angle between subunits and that this probably determines whether Dec binds or not. However, the figure is rather messy and it is difficult to see where Dec would bind to the CP. Is there a better way to represent this so that the CP-Dec interaction can be seen in the side view? Maybe a thinner slice through the structure, depth cueing or something like that?

We have updated the figure to show additional views including an overlay, as well as two individual views of the quasi three-fold between hexamers (light blue) as well as the quasi three-fold site between hexamers and pentamers (dark blue). We also included the Dec density (lavender) in this new figure to emphasize the differences between these two quasi equivalent environments.

> 4\) Furthermore, the table in Figure 6, which lists differences in distance between residue E81, does not convey the point made in the text (subsection "Decoration proteins employ a variety of binding schemes to adhere to phage capsids", last paragraph) that the icosahedral threefold is the flattest, the Dec binding quasi-threefold is intermediate, and the pentamer-proximal position is the most angled.

We have expanded the Discussion in a few places to address the point regarding E81 positioning at the various quasi-equivalent locations more clearly (see subsection "Decoration proteins employ a variety of binding schemes to adhere to phage capsids").

> One might have presumed that the most angled positions that represent a \"weak point in many capsids\" would be the one where Dec binds. There does not seem to be much discussion of this interesting point, which may point to Dec\'s function -- perhaps not to stabilize capsids after all?

We have revised this statement to more clearly explain that Dec does bind to the capsids where they suffer from AFM damage and are thus a weak point:

"Biophysical measurements have shown that Dec plays a much larger role in stabilizing dsDNAcontaining heads compared to empty capsids, and atomic force microscopy experiments showed Dec indeed binds capsids at positions most prone to mechanical damage (i.e. quasi three-fold sites between hexons) \[Llauro et al., 2016\]"

> 5\) Also, in Figure 6, the arc with the denotation 54.2Å is confusing. What is this the distance between? It seems to indicate an angle rather than a distance. Was it meant to be 54.2°? It might be helpful to list these angles differences between all three types of trimers.

The intention of the distance measurement was to emphasize the large difference in curvature. However, we appreciate that this was confusing and have since removed this label in the new figure. We hope that the new figure is clearer and that the presence of the Dec density sufficiently emphasizes the distance without the need for listing additional direct measurements. We have also updated the figure legend accordingly.

> 6\) I find it a really missed opportunity to demonstrate the claimed quality of the maps by not showing some region with excellent side-chain density with the fold model fit into it -- not in the manuscript, supplementary figures or videos.

We added an enlarged area view to Figure 1 showing the fit of side chains into the cryo-EM density map of the capsid protein spine helix.

> 7\) This rebuttal statement \"We have de-emphasized the notion of discriminatory binding in our title and throughout the text\" does not seem to be accurate. The Abstract states: \"The Dec protein from the P22-like phage L has a highly unusual binding strategy that precisely distinguishes between nearly identical three-fold and quasi-three-fold sites of the icosahedral capsid.\" and \"Here, we investigate how Dec is able to distinguish subtly different capsid binding sites with high specificity.\" This aspect has rather more prominence than claimed.

We have deleted the word "precisely" in the Abstract. We also deleted the statement "Here, we investigate how Dec is able to distinguish subtly different capsid binding sites with high specificity."

Additionally, we have revised the next sentence to read: "We report the structure of phage L Dec protein, which has a novel fold for a decoration protein and propose an explanation for how Dec may be able to bind to subtly different capsid binding sites."
